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I.1 Little history of spinal cord discovery

The first references to the spinal column are found in the Edwin Smith Surgical Papyrus, the oldest surgical text in history, which was written, or more likely copied, around 2500 B.C. This papyrus was found in a tomb in Thebes, Egypt, acquired by Edwin Smith in 1862 and translated by Henry Breasted in 1930. In this precious document, 48 injuries are presented. Six of them are about spinal injuries which are astonishingly well described [START_REF] Van Middendorp | The Edwin Smith papyrus: a clinical reappraisal of the oldest known document on spinal injuries[END_REF].

The intellectual interest for the spine originates in the golden age of Greece. During Antiquity, Hippocrates did the first anatomic descriptions and stated that the spine controls the erect position and shape of the human body [START_REF] Jang | Paulus of Aegina and the Historical Origins of Spine Surgery[END_REF]. Later, the Greek Hippocratic physician Herophilus (325-260 B.C.), proposed the name of "spinal cord" based on the observation that the cord was the caudal extension of the hindbrain. He pointed out that "the neura that make voluntary motion possible have their origin in the cerebrum (enkephalos) and spinal marrow". Further advances in neuroanatomy and function were done by Galen Pergamon (129-200 A.D.) who performed dissections and vivisections of animals. He did several sections of the spinal cord and described the loss of motor and sensory functions below the lesion depending on the size and location of the section. He detailed the anatomy of the vertebral column, spinal cord and nerve roots describing them: "the cord like a river rising from its source, extended from the brain, continuously sending forth a nerve channel to each of the parts that it meets, through which both sensation and motion are conveyed" [START_REF] Pearce | The Development of Spinal Cord Anatomy[END_REF]. Leonardo da Vinci (1452Vinci ( -1519) ) performed the first experiment on the central nervous system since Galen when he showed the spinal cord role by dissecting frogs: "The frog instantly dies when the spinal cord is pierced, and previous to this it lived without head, heart or any bowels or skin, and here, therefore, it would seem lies the foundation of movement and life" [START_REF] Keele | Leonardo da Vinci as Physiologist[END_REF]. In 1666, the Dutch physician and anatomist Gerhard Blasius published a compendium that contains the firsts drawings of the white and gray matters of the spinal cord a long time before Cajal, as can be appreciated in Figure 1. He also described the beginning of the anterior and posterior spinal nerve roots [START_REF] Markatos | Blasius) (1627-1682): The Dutch Physician and Chemist, His Work and Description of the Spinal Cord[END_REF]. 9/16/20 10:03:00 AM

I.2 Anatomy of the spinal cord

The staggering complexity of the central nervous system (CNS) is directed largely at the generation and regulation of movement through the careful choreography of muscles responsible for walking, talking, breathing… The spinal cord is a highly organized part of the CNS and can be seen as the vital link between the brain and the body. It extends from the medulla oblongata in the brainstem to between the first and second lumbar vertebrae of the vertebral column, where it ends and gives rise to the cauda equina composed by defasciculated nerve fibers. The spinal cord has an essential role in sensory, autonomic and motor functions.

As the brain, the cord is enwrapped by three meninges, the dura which is the outer sheath, the arachnoid beneath it and the pia which closely adheres to the surface of the cord. The cerebrospinal fluid (CSF) occupies the subarachnoid space. The human spinal cord is divided into four regions and each region is composed of several segments: cervical (C1-C8), thoracic (T1-T12), lumbar (L1-L5) and sacral (S1-S5). There are two well-defined enlargements that can be visually distinguished, the cervical enlargement which extends from C3 to T1 innervates the upper limbs while the lumbar enlargement extends between L1 to S2 and innervates the lower limbs. The spinal cord provides 31 pairs of nerves exiting the cord vertebral canal through the intervertebral foramina: 8 cervical, 12 thoracic, 5 lumbar, 5 sacral and 1 coccygeal. Dorsal and ventral roots respectively enter and leave the vertebral column through intervertebral foramens localized at the level of paired vertebral and spinal segments. Each spinal nerve root connects with specific regions of the body allowing the transfer of both sensory and motor information (Figure 2; [START_REF] Jones | Neuromuscular Disorders of Infancy, Childhood, and Adolescence: A Clinician's Approach[END_REF].

The internal structure of the spinal cord is characterized by the white matter at the periphery, containing myelinated and unmyelinated nerve fibers, and by the H-shaped ("butterfly") grey matter inside, containing the cell bodies of neurons and glia, and surrounding a central canal in which the CSF circulates. The grey matter can be divided into the dorsal horn which receives sensory information entering the spinal cord via the dorsal roots of the spinal nerves, the intermediate column and lateral horn constituted of autonomic neurons, and the ventral horn containing the cell bodies of MNs that send their axons via the ventral roots of the spinal nerves and innervate striated muscles. The spinal neurons are organized in Rexed laminae, identified in the early 1950s by Bror Rexed, which divide the grey matter in ten layers (I-X) defined by their cellular structure. The lower MNs are located in lamina IX [START_REF] Purves | The Internal Anatomy of the Spinal Cord[END_REF]. 

Table 1. Comparison between upper and lower MNs

They differ in cell body locations, neurotransmitters, targeting and symptoms upon lesion (adapted from [START_REF] Stifani | Motor neurons and the generation of spinal motor neurons diversity[END_REF].

The spinal MNs (SpMNs) are cholinergic neurons situated in the ventral horn of the spinal cord, where they form the motor nuclei. They are polarized cells with long axons almost entirely in the peripheral system that terminate at neuromuscular junctions and muscle spindles and form synapses directing movement [START_REF] Nógrádi | Anatomy and Physiology of the Spinal Cord, Madame Curie Bioscience Database[END_REF][START_REF] Stifani | Motor neurons and the generation of spinal motor neurons diversity[END_REF]. Their extensive dendritic arborization extends for long distances and can receive up to 10000 inputs from upper MNs, sensory neurons and spinal interneurons. As already mentioned, the anatomical distribution of SpMNs is correlated with the position of their muscle targets in the body (Figure 2; [START_REF] Landmesser | The acquisition of motoneuron subtype identity and motor circuit formation[END_REF] and they are classified into three categories depending on the targets they innervate. The MNs located in the brainstem are branchial MNs, the visceral ones are located in the thoracic and sacral segments of the adult spinal cord and belong to the autonomic nervous system. The somatic MNs are found only in the cervical and lumbosacral enlargements and innervate skeletal muscles responsible for movement control. According to the type of muscle fiber they innervate, the somatic MNs are subdivided into alpha (α), beta (β) and gamma (γ) motor neurons. The α-MNs have the largest somata in the cord whilst the β-and γ-MNs are smaller. There are about 640 different peripheral muscles in the body organized into bilateral pairs and innervated by more than 100,000 SpMNs. The muscles are composed of extrafusal fibers generating the force and muscle spindles composed of intrafusal fibers providing proprioceptive information about the stretching of the muscle. As illustrated in Figure 3, α-MNs innervate extrafusal muscle fibers, γ-MNs innervate intrafusal muscle fibers and β-MNs innervate both fiber types [START_REF] Manuel | ALPHA, BETA AND GAMMA MOTONEURONS: FUNCTIONAL DIVERSITY IN THE MOTOR SYSTEM'S FINAL PATHWAY[END_REF][START_REF] Stifani | Motor neurons and the generation of spinal motor neurons diversity[END_REF].

The γ-MNs innervate intrafusal muscle fibers and allow for the control of spindle sensitivity.

They receive only sensory inputs, are not involved in any motor function and do not participate in spinal reflexes but they contribute to the modulation of muscle contraction. They are divided in two groups. Dynamic γ-MNs innervate the dynamic bag fibers and are involved in responses to dynamic stretch while static γ-MNs innervating the static bag fibers and the chain fibers play a role in the response to steady-state length. Table 2 shows the differences between γ-and α-MNs.

The β-MNs are the ugly duckling of MNs. Indeed, they constitute smaller and fewer groups of somatic MNs and are poorly characterized. β-MNs innervate extrafusal and intrafusal fibers.

They control both muscle contraction and the excitability of the sensory feedback from intrafusal fibers. Like γ-MNs, β-MNs are functionally divided into two subtypes, static and dynamic, depending on the intrafusal fibers they innervate.

Motor unit characteristic

Motor neuron subtype and class FAST SLOW ALPHA GAMMA Target fiber Fast (IIa/b/x) Slow (I) Extrafusal

SpMNs subclasses are organized into distinct anatomical columns reflecting the coupling of developmental origin to adult function. These columns are called motor columns and have a segmental organization that extends along the rostro-caudal axis. They express specific transcription profiles and develop characteristic axonal projection patterns. Within a column, the motor pools defined by groups of MNs with similar intrinsic characteristics ensure fine motor control. They are responsible for innervating a single skeletal muscle and anatomically organized in relation to their muscle targets [START_REF] Ryan | Topographic Position of Forelimb Motoneuron Pools Is Conserved in Vertebrate Evolution[END_REF][START_REF] Tanabe | Diversity and Pattern in the Developing Spinal Cord[END_REF]. As presented in Figure 4, there are four main columns, the median motor column (MMC), the hypaxial motor column (HMC), the lateral motor column (LMC), and the preganglionic column (PGC). The spinal accessory column (SAC) and the phrenic motor column (PMC) are less wellcharacterized. While the MMC is present all along the rostro-caudal axis, the SAC is restricted to the five first cervical segments (C1-C5). The PMC is confined between C3 and C5. The PGC extends through the thoracic segments until L2 as well as between S2 and S4. The HMC is exclusive of the thoracic segment whereas the LMC is located at brachial (C5-T1) and lumbar limb level segments (L1-L5) [START_REF] Alaynick | SnapShot: Spinal Cord Development[END_REF][START_REF] Francius | Generating spinal motor neuron diversity: a long quest for neuronal identity[END_REF][START_REF] Jessell | Neuronal specification in the spinal cord: inductive signals and transcriptional codes[END_REF][START_REF] Prasad | Development and migration of avian sympathetic preganglionic neurons[END_REF][START_REF] Tsuchida | Topographic organization of embryonic motor neurons defined by expression of LIM homeobox genes[END_REF]. MMC MNs are located medially and connect to the axial musculature (epaxial) which mainly fulfills postural functions. PMC MNs have an intermedio-lateral position and connect to a particular muscle: the diaphragm. SAC MNs connect to mastoid muscles and to the four muscles of the neck. LMC MNs innervate hindlimbs and forelimbs muscles and are divided into medial (m) and lateral positions (l).

LMCm MNs connect to the ventral part of the limbs whereas LMCl MNs innervate their dorsal region. HMC MNs are located in the medio-lateral region, connect to the ventral hypaxial muscles and innervate the intercostal and abdominal wall musculature. PGC MNs are positioned dorso-laterally and are responsible for innervating sympathetic ganglia (SCG) and chromaffin cells of the adrenal gland (AdrG) [START_REF] Stifani | Motor neurons and the generation of spinal motor neurons diversity[END_REF].

Motor neuron diseases (MNDs) are a group of progressive neurological disorders that destroy MNs. Some of the MNDs involve loss of SpMNs as in spinal muscular atrophy (SMA), progressive muscular atrophy (PMA) and amyotrophic lateral sclerosis (ALS). Even if some people live with it for many years, these diseases are rapidly debilitating, as only symptomatic treatments are available, and nearly always fatal with a significantly shortened life expectancy.

When the muscles cannot receive signals from the lower MNs, they begin to weaken and to show signs of atrophy. Some MNDs are inherited, but the causes of most MNDs are still unknown. In sporadic non-inherited MNDs, environmental, toxic, viral, and/or genetic factors may play a role in the development of the disease.

SMA is an inherited MND that affects children. It is characterized by muscle weakness and atrophy resulting from progressive degeneration and irreversible loss of lower MNs. There are three types, all caused by a genetic change known as SMA1. SMA tends to affect the trunk, legs, and arms. The long-term outcome depends on SMA type [START_REF] Prior | Spinal Muscular Atrophy[END_REF].

Progressive muscular atrophy (PMA) is a rare, sporadic, adult-onset MND, clinically characterized by isolated lower motor neuron features. Weakness is typically seen first in the hands and then spreads into the lower body, where it can be severe. It can causes slow but progressive muscle wasting, especially in the arms and legs [START_REF] Liewluck | Progressive Muscular Atrophy[END_REF].

The most common type of MND is ALS, with an average incidence rate worldwide of about one in 50,000 people per year with about 5,760 to 6,400 new diagnoses per year. It affects both upper and lower MNs impairing muscles of the arms, legs, mouth, and respiratory system. In general, a person affected by ALS will have a life expectancy of 2 to 4 years after disease onset, but, with supportive care, some people can live 10 years or more. [START_REF] Chio | Prognostic factors in ALS: A critical review[END_REF][START_REF] Chiò | Global Epidemiology of Amyotrophic Lateral Sclerosis: a Systematic Review of the Published Literature[END_REF][START_REF] Rowland | Amyotrophic Lateral Sclerosis[END_REF].

The causes of MNDs are largely unknown, making the study of the physiology and molecular mechanisms of SpMNs a fundamental step to better understand the diseases involving MN impairment.

Since ALS is the most common MND, it is often considered a model disorder for MN neurodegeneration and was thus chosen for the studies described in this thesis.

Despite decades of research, causative pathogenic mechanisms in ALS still remain unclear, especially in sporadic cases. It is likely that multiple factors contribute to the development and progression of the disease. The large number of genes and cellular processes implicated in ALS allows one to envisage several disease mechanisms such as altered RNA metabolism (Tardbp, Fus), defective antioxidant defense (Sod1), protein trafficking and autophagy (C9orf72, Ubqln2, Sqstm1/p62, Optn, Vcp) [START_REF] Majcher | Autophagy receptor defects and ALS-FTLD[END_REF][START_REF] Nassif | The Enigmatic Role of C9ORF72 in Autophagy[END_REF][START_REF] Ying | Optineurin: the Autophagy Connection[END_REF].

The most commonly mutated ALS genes (Sod1, C9orf72, Tardbp, and Fus) all give rise to the formation of protein aggregates in the neurons. Although protein aggregation is central to ALS pathology, questions remain open concerning the formation, role and toxicity of these aggregates. The accumulation of damaged proteins contributes to several neurodegenerative diseases including Alzheimer, Huntington and Parkinson diseases, and has also emerged as a key characteristic in ALS where proteostasis is impaired with aggregating proteins accumulating in the cytoplasm [START_REF] Mejzini | ALS Genetics, Mechanisms, and Therapeutics: Where Are We Now?[END_REF].

Superoxide dismutase 1 (Sod1) was the first studied causative gene implicated in fALS [START_REF] Rosen | Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis[END_REF]. The human SOD1 G93A mutation was introduced in the mouse to develop the most widely used animal model of ALS [START_REF] Lutz | Mouse models of ALS: Past, present and future[END_REF][START_REF] Philips | Rodent Models of Amyotrophic Lateral Sclerosis[END_REF]. This model displays a rapid degeneration of MNs which leads to paralysis and death within the first 5 months of life. It presents progressive motor dysfunctions associated with a loss of MNs, axonal denervation, impaired NMJ integrity, mitochondrial dysfunction, axonal transport defects and neurotoxic SOD1 proteinopathy [START_REF] Morrice | Animal models of amyotrophic lateral sclerosis: a comparison of model validity[END_REF]. Some studies demonstrate that the SOD1 G93A spinal cords present p62 aggregates in MNs [START_REF] Rudnick | Distinct roles for motor neuron autophagy early and late in the SOD1G93A mouse model of ALS[END_REF]. In patients, there is a ubiquitous presence of p62 in ALS protein aggregates suggesting that p62 plays an important role in their making and/or may be associated with the protection of the neurons from degenerative processes (Mizuno et al., 2006).

NMJ abnormalities have been reported to occur generally earlier in several neuromuscular degenerative contexts including ALS. In the context of the disease, it has been observed that certain muscle functions are not affected, suggesting that the neuromuscular impairment is not equal throughout the body. Indeed, muscles and MNs are not equally vulnerable in MNDs [START_REF] Campanari | Neuromuscular Junction Impairment in Amyotrophic Lateral Sclerosis: Reassessing the Role of Acetylcholinesterase[END_REF][START_REF] Mcconville | Diseases of the neuromuscular junction[END_REF][START_REF] Slater | The Structure of Human Neuromuscular Junctions: Some Unanswered Molecular Questions[END_REF]. In several human degenerative contexts, including ALS, SMA and aging, the FF motor units degenerate early, whereas MNs innervating slow muscles and those involved in eye movement such as extraocular muscles (EOMs) are strikingly preserved [START_REF] Tjust | Unaffected motor endplate occupancy in eye muscles of ALS G93A mouse model[END_REF][START_REF] Valdez | Shared Resistance to Aging and ALS in Neuromuscular Junctions of Specific Muscles[END_REF]. It has been demonstrated in the SOD1 G93A mouse model that hind limb muscles contain a high percentage of FF fibers, making this neuromuscular system highly vulnerable [START_REF] Benito-Gonzalez | Renshaw Cells and Ia Inhibitory Interneurons Are Generated at Different Times from p1 Progenitors and Differentiate Shortly after Exiting the Cell Cycle[END_REF][START_REF] Sapir | Pax6 and Engrailed 1 Regulate Two Distinct Aspects of Renshaw Cell Development[END_REF]Saueressig et al., 1999;[START_REF] Stam | Renshaw cell interneuron specialization is controlled by a temporally restricted transcription factor program[END_REF]. The diversity of MNs can help to get a clearer understanding of the cellular and molecular cues involved in the normal and pathological development as well as in the dismantlement of NMJs [START_REF] Kanning | Motor neuron diversity in development and disease[END_REF].

In view of this abundant literature, we can foresee that the simple term "motor neuron" includes a multitude of subtypes reflecting the position along the rostro-caudal axis, the type of motor columns and the diversity of axonal targets. This complexity is absolutely necessary for normal motor functions. Other cell types also participate in this complexity. Among them, spinal interneurons (INs) synapse directly on MNs and regulate their firing patterns, allowing them to assure their normal functions.

Movement quality relies heavily on the descending cortical inputs and on the feedback loops between the motor and sensory pathways, with an important participation of interneurons in these multiple spinal neuronal networks. INs probably constitute the most important modulating cell type in support of SpMN activity coordination. Sensory neurons located in the dorsal root ganglia (DRG) receive information from the periphery and transmit this input either directly to α-MNs located in the ventral horn (monosynaptic connections) or to association neurons (commissural and interneurons) that process and convey the information toward the MNs.

Motor neurons then stimulate their respective effector muscles in the periphery and will generate the appropriate output response [START_REF] Eccles | The convergence of monosynaptic excitatory afferents on to many different species of alpha motoneurones[END_REF]. The networks involving interneurons fulfill the important and complex task to adjust the number of MNs that are recruited, and to generate environmentally appropriate rhythmic movements (Hultborn, 2006;Kiehn, 2016;Sherrington, 1910). Spinal INs are divided into several populations expressing specific transcription factors and originating from distinct developmental progenitor domains along the neural tube dorso-ventral axis. Six of these domains are more dorsal (dI1-dI6), and four are more ventral (V0, V1, V2, and V3) which host the constituents of the spinal locomotor neural networks. The V0 domain is composed of commissural interneurons that project onto the contralateral side of the spinal cord. In contrast to V0, and also V3, V1 and V2 classes of interneurons project almost exclusively ipsilaterally [START_REF] Côté | Spinal Control of Locomotion: Individual Neurons, Their Circuits and Functions[END_REF] [START_REF] Benito-Gonzalez | Renshaw Cells and Ia Inhibitory Interneurons Are Generated at Different Times from p1 Progenitors and Differentiate Shortly after Exiting the Cell Cycle[END_REF][START_REF] Sapir | Pax6 and Engrailed 1 Regulate Two Distinct Aspects of Renshaw Cell Development[END_REF][START_REF] Stam | Renshaw cell interneuron specialization is controlled by a temporally restricted transcription factor program[END_REF]. RCs are calbindinpositive cells that project on MNs and have with them a unique reciprocal connection, thus forming a recurrent inhibitory loop via co-release of both GABA and glycine. In contrast, IaINs are activated by Ia afferences from agonist muscles and inhibit antagonistic MNs [START_REF] Alvarez | POSTNATAL PHENOTYPE AND LOCALIZATION OF SPINAL CORD V1 DERIVED INTERNEURONS[END_REF][START_REF] Wenner | Topographical and physiological characterization of interneurons that express engrailed-1 in the embryonic chick spinal cord[END_REF], allowing for alternate limb movement. In the lumbar enlargement, RC axon projections have a dorsolateral orientation, being very dense around the most ventral motor pools of the LMC and MMC. Renshaw cell axon density around MNs decreases for more dorsal LMC pools [START_REF] Wootz | Alterations in the motor neuron-Renshaw cell circuit in the Sod1G93A mouse model[END_REF]. Axonal projections of V1 interneurons at lumbar levels extend at least 2 mm in both rostral and caudal directions, spanning many spinal segments and extending into the thoracic spinal cord. This allows them to regulate the activity of the MNs over large areas [START_REF] Britz | A genetically defined asymmetry underlies the inhibitory control of flexor-extensor locomotor movements[END_REF]. As illustrated in Figure 6, V1 INs form inhibitory synapses with ipsilateral INs and MNs, resulting in coordinated flexor-extensor alternation during locomotion and hindlimb reflex withdrawal [START_REF] Zhang | V1 and V2b Interneurons Secure the Alternating Flexor-Extensor Motor Activity Mice Require for Limbed Locomotion[END_REF]. V1 INs preferentially innervate flexor MNs, whereby selective V1 ablation results in hyperflexion during the swing phase. Selectively silencing the entire population of V1 interneurons drastically decreases locomotor step cycle and lengthens burst duration, although it does not impair ipsilateral coordination [START_REF] Britz | A genetically defined asymmetry underlies the inhibitory control of flexor-extensor locomotor movements[END_REF][START_REF] Gosgnach | V1 spinal neurons regulate the speed of vertebrate locomotor outputs[END_REF]. The role of the RC-MN circuit in MN hyper-excitability is currently a focus of attention in ALS due to the fact that some studies showed a loss of glycinergic boutons on the soma of MNs that results in MN hyper-excitability and degeneration (Chang and Martin, 2009a;[START_REF] Martin | Motor neuron degeneration in amyotrophic lateral sclerosis mutant superoxide dismutase-1 transgenic mice: Mechanisms of mitochondriopathy and cell death[END_REF].

II. Homeoproteins

II.1 Discovery of the homeoproteins

Homeoproteins (HPs) are a class of transcription factors that bind target gene cognate sequences thanks to their highly conserved DNA-binding homeodomain (HD). This HD is 60 amino acidlong and encoded by a 180 nucleotide-long sequence, the homeobox [START_REF] Mcginnis | A homologous protein-coding sequence in drosophila homeotic genes and its conservation in other metazoans[END_REF].

Homeoproteins are present in all eukaryotic cells, plants and animals [START_REF] Derelle | Homeodomain proteins belong to the ancestral molecular toolkit of eukaryotes[END_REF].

Many of the homeobox genes, characterized by a highly conserved homeobox structure, have first been described in the Drosophila.

In 1967, Walter Jakob Gehring identified the first homeogene while studying cell fate and determination in the Drosophila following a mutation in a developmental gene, Antennapedia (Antp), strikingly resulting in the replacement of the head antennas by legs normally found in the second thoracic segment (Figure 7; [START_REF] Garber | Genomic and cDNA clones of the homeotic locus Antennapedia in Drosophila[END_REF][START_REF] Lawrence | Different requirements for homeotic genes in the soma and germ line of Drosophila[END_REF]. This mutation and others of the same type were called homeotic transformations because they induce the replacement of one segment or part of a segment of the fly by another "homologous" segment or part of it. For example, in the Antp mutation, the antenna on the head segment is homologous to the leg on the second thoracic segment. These pioneering studies have shown that the spatio-temporal expression of homeotic genes gives its identity to each segment of the embryo and that their expression along the anteriorposterior body is controlled by their positioning along the chromosome. This implies that the chromosome contains an anterior-posterior representation of the fly body and that the cells in the head develop head structures because they express head homeotic genes. However, if a mutation modifies this information, for example allows for the expression of thoracic genes, the cells will develop a leg as if they were thoracic cells. This indeed implies that the positional information that each segment of the body acquires during development obliges it to follow very precise morphogenetic developmental paths [START_REF] Holland | Expression of homeo box genes during mouse development: a review[END_REF][START_REF] Lewis | A gene complex controlling segmentation in Drosophila[END_REF].

The ANTP-HD tertiary structure was first elucidated by Nuclear Magnetic Resonance (NMR) spectroscopy, revealing a general structure of the HD characterized by a flexible N-terminal arm and three well-defined alpha-helices arranged in helix-loop-helix-turn-helix [START_REF] Gehring | Homeodomain-DNA recognition[END_REF]. Helix 1 is preceded by the N-terminal region and is separated by a loop from helix 2 which forms a helix-turn-helix motif with helix 3. Helices 1 and 2 are arranged in an antiparallel manner, while helix 3 is perpendicular to the axis created by the first two helices [START_REF] Wolberger | Crystal structure of a MATα2 homeodomain-operator complex suggests a general model for homeodomain-DNA interactions[END_REF]. The third helix, also called the recognition helix, binds target sequences in the large groove of double-stranded DNA [START_REF] Billeter | Determination of the Nuclear Magnetic Resonance Solution Structure of an Antennapedia Homeodomain-DNA Complex[END_REF]. As shown in Figure 8, The ANTENNAPEDIA class of HPs has a Glutamine (Q) residue at position 50 in the recognition helix. Residue 50 turned out to be crucial for specific DNA sequence recognition. This DNA-HD contact reinforced by the interaction of the HD N-terminal arm with the double-stranded DNA minor groove enables the HP to exert its regulatory functions.

II.2 Homeoproteins control CNS development

Several HPs control the development of the mouse CNS. As illustrated in Figure 9, many of them participate in the establishment of boundaries in the brain neuroepithelium [START_REF] Kiecker | Compartments and their boundaries in vertebrate brain development[END_REF][START_REF] Prochiantz | Homeoprotein Signaling in the Developing and Adult Nervous System[END_REF][START_REF] Quininao | Local homeoprotein diffusion can stabilize boundaries generated by graded positional cues[END_REF] Figure

Homeoproteins and boundary formation

Examples of boundaries hypothetically defined by the expression of abutting homeoproteins with self-activating and reciprocal inhibitory properties. Taken from [START_REF] Prochiantz | Homeoprotein Signaling in the Developing and Adult Nervous System[END_REF].

Therefore, it can be speculated that through their role in the positioning of boundaries, HPs can modulate the size of distinct brain areas endowed with different brain functions [START_REF] Prochiantz | Homeoprotein Signaling in the Developing and Adult Nervous System[END_REF]. The mechanisms at play are not yet fully established. As will be discussed later in the specific case of the spinal cord, a classical view is that during early embryonic development, HP expression is under the control of diffusion classical morphogens and that their role in the formation of compartments is purely cell autonomous [START_REF] Kiecker | Compartments and their boundaries in vertebrate brain development[END_REF]. A more recent hypothesis, based on their non-cell autonomous activity (intercellular transfer), is that boundary formation requires HP local diffusion at the level of the future boundary, with the 2 abutting HPs presenting self-activation and reciprocal inhibition properties [START_REF] Quininao | Local homeoprotein diffusion can stabilize boundaries generated by graded positional cues[END_REF]. The latter possibility is supported by the opposite roles of PAX6 and EMX2 in the positioning of the boundary between visual (V1) and sensory (S1) areas [START_REF] O'leary | Area patterning of the mammalian cortex[END_REF] or that of the midbrain-hindbrain boundary by the opposite roles of Orthodenticle homolog 2 (OTX2) and Gastrulation brain homeobox 2 (GBX2) [START_REF] Broccoli | The caudal limit of Otx2 expression positions the isthmic organizer[END_REF][START_REF] Wassarman | Specification of the anterior hindbrain and establishment of a normal mid/hindbrain organizer is dependent on Gbx2 gene function[END_REF]. Whatever may be the precise mechanisms, it is well established that HP expression levels, together with that of other factors, is of prime importance for defining the size of different brain areas, with distinct functions [START_REF] Zilles | Centenary of Brodmann's map--conception and fate[END_REF].

HPs, in combination with other transcription factors, also play a role in spinal cord development and organization which involves more than 20 distinct embryonic classes of neurons, a diversity resulting from the activity of well-identified morphogens (see below). Indeed, cellular identities in the vertebrate spinal cord are specified during development along the three basic spatial axes of the embryonic body plan rostral-caudal, dorsal-ventral, and medial-lateral. During mouse spinal cord development, neuronal differentiation takes place on a large time scale between 9and 15.5-days post coitum (dpc). It begins rostrally at 9.0 dpc and progresses caudally. For this progression to take place, several dorsal and ventral signals promote and/or repress the expression of many HPs in a concentration-dependent manner [START_REF] Matise | Expression Patterns of Developmental Control Genes in Normal andEngrailed-1 Mutant Mouse Spinal Cord Reveal Early Diversity in Developing Interneurons[END_REF].

Briefly, the rostral-caudal positional identities are coordinated by opposing gradients of caudalizing fibroblast growth factor (FGF), rostralizing and retinoic acid (RA) [START_REF] Dasen | Hox repertoires for motor neuron diversity and connectivity gated by a single accessory factor[END_REF][START_REF] Liu | Assigning the positional identity of spinal motor neurons: rostrocaudal patterning of Hox-c expression by FGFs, Gdf11, and retinoids[END_REF][START_REF] Muhr | Convergent inductive signals specify midbrain, hindbrain, and spinal cord identity in gastrula stage chick embryos[END_REF]. The dorsal-ventral axis is governed by ventralizing Sonic hedgehog (SHH) produced by the floorplate, and dorsalizing signals from the roof plate such as bone morphogenetic proteins (BMPs) and WNTs. These diffusible morphogens form gradients and regulate, at defined concentrations in the gradient, the expression of distinct HPs that take part in specific transcriptional responses [START_REF] Ericson | Two critical periods of Sonic Hedgehog signaling required for the specification of motor neuron identity[END_REF]Lee et al., 1998;[START_REF] Liem | Dorsal differentiation of neural plate cells induced by BMP-mediated signals from epidermal ectoderm[END_REF][START_REF] Megason | A mitogen gradient of dorsal midline Wnts organizes growth in the CNS[END_REF][START_REF] Muroyama | Wnt signaling plays an essential role in neuronal specification of the dorsal spinal cord[END_REF][START_REF] Roelink | Floor plate and motor neuron induction by vhh-1, a vertebrate homolog of hedgehog expressed by the notochord[END_REF][START_REF] Timmer | BMP signaling patterns the dorsal and intermediate neural tube via regulation of homeobox and helix-loop-helix transcription factors[END_REF]. These transcriptional programs oppose adjacent transcriptional programs and allow for the formation and sharpening of boundaries between progenitor zones. This system establishes thirteen progenitor pools along the dorsal-ventral axis which will give rise to 23 classes of neurons defined by transcription factor expression (Figure 10).

the presence of MN precursors that will give rise to somatic α-MNs, γ-MNs and preganglionic MNs of the autonomic nervous system [START_REF] Lu | Molecular and cellular development of spinal cord locomotor circuitry[END_REF]. After cell cycle exit at about E9.5 (∼25 somites), spMNs acquire generic MN identity and express a common set of transcription factors including HB9, LIM Homeobox 3 (LHX3), ISL LIM Homeobox 1 and 2 (ISL1 and ISL2) [START_REF] Novitch | Coordinate regulation of motor neuron subtype identity and pan-neuronal properties by the bHLH repressor Olig2[END_REF][START_REF] Thaler | Active Suppression of Interneuron Programs within Developing Motor Neurons Revealed by Analysis of Homeodomain Factor HB9[END_REF][START_REF] Tsuchida | Topographic organization of embryonic motor neurons defined by expression of LIM homeobox genes[END_REF]. SpMN identity is established by cooperative binding of the LIM complex comprising ISL1 and LHX3 to MN-specific enhancers inducing the expression of a battery of MN genes that induce functional hallmarks of MNs. As embryonic development progresses, MNs diversify to exhibit subtype identities.

Despite their uniform generation from the same progenitor domain within the spinal cord, MNs differ along the rostro-caudal axis by expression of distinct HOX proteins that govern the acquisition of segmental identity of MNs, along with motor columnar identities and ultimately the innervation of a variety of muscle targets [START_REF] Carpenter | Hox Genes and Spinal Cord Development[END_REF][START_REF] Chen | Multifaceted roles of microRNAs: From motor neuron generation in embryos to degeneration in spinal muscular atrophy[END_REF] As represented in Figure 10 

II.3 The Homeoprotein Engrailed

The two paralogs ENGRAILED-1 (EN1) and ENGRAILED-2 (EN2), collectively called ENGRAILED (EN), are widely conserved HPs throughout the animal kingdom [START_REF] Gibert | The evolution of engrailed genes after duplication and speciation events[END_REF].

Comparing the sequences of Engrailed genes from different phyla have revealed regions of similarity termed Engrailed homology regions (EHs) designated by numbers 1 to 5, where EH4

is the homeodomain (Figure 13). ENGRAILED is mainly considered as a repressive transcription factor and associates with GROUCHO through EH1 and EH5. GROUCHO belongs to the family of transcriptional co-repressor protein that includes transducin-like enhancer of split (TLE) and Gro-related gene (GRG) proteins in vertebrates. The interaction between EN and its co-repressors GROUCHO/TLEs, via the EH1 domain of EN, is an important step in transcriptional repression [START_REF] Jaynes | Active repression of transcription by the engrailed homeodomain protein[END_REF][START_REF] Tolkunova | Two distinct types of repression domain in engrailed: one interacts with the groucho corepressor and is preferentially active on integrated target genes[END_REF]. Other protein partners of EN, such as PBX co-factors, modulate its transcriptional activity. The interaction between EN and PBX-1, or its homolog in Drosophila EXD, is through EH2 and EH3 and is responsible for a shift from a transcriptional repression to a transcriptional activation [START_REF] Gemel | Fibroblast Growth Factor-8 Expression Is Regulated by Intronic Engrailed and Pbx1-binding Sites[END_REF]. Furthermore, EN is able to bind directly to the eukaryotic translation initiation factor 4E (eIF4E), through a sequence located on the N-terminal side of the protein as illustrated in Figure 13. The high affinity and specificity of this interaction suggests that EN has a regulatory role in translation, as well as transcription [START_REF] Brunet | The transcription factor Engrailed-2 guides retinal axons[END_REF][START_REF] Morgan | Engrailed: Complexity and economy of a multi-functional transcription factor[END_REF].

Figure 13. Functional domains within the ENGRAILED protein

The EH domains correspond to highly conserved domains between the different homologs of the EN proteins. Taken from [START_REF] Morgan | Engrailed: Complexity and economy of a multi-functional transcription factor[END_REF].

During mouse development, EN1 is expressed in the neuroepithelium at the one-somite stage while EN2 is expressed at the five-somite stage [START_REF] Davis | Expression patterns of the homeo box-containing genes En-1 and En-2 and the proto-oncogene int-1 diverge during mouse development[END_REF][START_REF] Mcmahon | The midbrain-hindbrain phenotype of Wnt-1-/Wnt-1-mice results from stepwise deletion of engrailed-expressing cells by 9.5 days postcoitum[END_REF]. Until eight-somite stage, there is an overlap of EN1 and EN2 expression. EN1 expression neuronal settling position, physiology, and differential connectivity [START_REF] Bikoff | Spinal Inhibitory Interneuron Diversity Delineates Variant Motor Microcircuits[END_REF][START_REF] Gabitto | Bayesian Sparse Regression Analysis Documents the Diversity of Spinal Inhibitory Interneurons[END_REF].

As mentioned above, V1-INs originate from p1 progenitors and, after they become postmitotic, generate Ia inhibitory interneurons (IaINs) and all Renshaw cells (RCs). RCs and IaINs form inhibitory GABAergic and glycinergic synapses on α-MNs. With the excitatory V0 interneurons, the inhibitory V1 interneurons contribute to an excitatory/inhibitory balance that may be important for α-MN survival (Benito-Gonzalez and [START_REF] Benito-Gonzalez | Renshaw Cells and Ia Inhibitory Interneurons Are Generated at Different Times from p1 Progenitors and Differentiate Shortly after Exiting the Cell Cycle[END_REF][START_REF] Ramírez-Jarquín | Spinal inhibitory circuits and their role in motor neuron degeneration[END_REF]. Different genetic approaches have shown that the inactivation or deletion of the V1 neurons results in a marked prolongation of the step cycle and a slowed speed of vertebrate locomotion [START_REF] Gosgnach | V1 spinal neurons regulate the speed of vertebrate locomotor outputs[END_REF][START_REF] Grillner | On the central generation of locomotion in the low spinal cat[END_REF].

EN1 is expressed specifically by V1 INs that extend locally toward MNs. Axons from the EN1

INs project ventrally then rostrally where they establish local ipsilateral projections to MNs.

Furthermore, EN1 regulates fasciculation and axonal pathfinding in a population of spinal cord association interneurons that project to somatic MNs. EN1 also determines the exclusive projection of IN axons to the cell bodies of somatic MNs (Saueressig et al., 1999). Accordingly, its expression in the spinal cord correlates with the formation of synapses between INs and MNs [START_REF] Wenner | Topographical and physiological characterization of interneurons that express engrailed-1 in the embryonic chick spinal cord[END_REF].

As mentioned earlier, neurons innervating limb musculature are clustered in lateral motor columns (LMCs). In the LMC, the neurons are organized in patterns that topographically reflect their targets at the periphery. MNs in the medial subdivision of the LMC (LMCm) project to the ventral limb, while the lateral part (LMCl) consists of neurons innervating dorsal limb musculature [START_REF] Landmesser | The distribution of motoneurones supplying chick hind limb muscles[END_REF]Tosney andLandmesser, 1985a, 1985b). EN1-positive INs make direct contacts with MNs that innervate limb muscles. It has been demonstrated that EN1

is required for the establishment of accurate medial and lateral LMC projections to the corresponding muscles in the ventral and dorsal forelimb and that EN1 specifically repels axons of the lateral but not the medial LMC [START_REF] Huettl | Engrailed 1 Mediates Correct Formation of Limb Innervation through Two Distinct Mechanisms[END_REF]. In addition, EN1 is expressed in the ventral limb ectoderm where it directs the development of ventral limb structures and plays an instructive role in the dorsal-ventral patterning of the forelimb [START_REF] Logan | The role of Engrailed in establishing the dorsoventral axis of the chick limb[END_REF][START_REF] Loomis | The mouse Engrailed-1 gene and ventral limb patterning[END_REF]. EN1 is required for the attraction of the motor axons to the dorsal ramus of the epaxial domain and prevents spinal nerve from defasciculating [START_REF] Ahmed | Engrailed controls epaxial-hypaxial muscle innervation and the establishment of vertebrate three-dimensional mobility[END_REF]. Therefore, EN1 critically and directly participates in the dorsoventral guidance decision of motor nerves innervating the developing forelimb.

EN1 expression in the developing spinal cord is conserved among various species, including mouse, zebrafish, chick and Xenopus. Its role in the regulation of axonal pathfinding is highly conserved suggesting a strong importance in spinal cord development and function [START_REF] Higashijima | Engrailed-1 expression marks a primitive class of inhibitory spinal interneuron[END_REF][START_REF] Wenner | Topographical and physiological characterization of interneurons that express engrailed-1 in the embryonic chick spinal cord[END_REF] Historically, the study of the function of homeoproteins has focused on understanding their function during development and their role as cell autonomous nuclear transcription factors.

However, more precise observation of the behavior of these homeoproteins at the entire cellular level, and no longer only at the nuclear level, has made it possible to envisage adult function as well as a direct non-cell autonomous mode of action.

II.4 Homeoproteins, transcription factors exhibit direct non-cell autonomous activities

Homeoproteins were initially described as a family of cell autonomous transcription factors and their direct activity is thus often seen as restricted to the cells that express them. It is also accepted that their mode of action only involves the modulation of the transcription of target genes. At the end of the 80s, Alain Prochiantz and colleagues have shed light on unsuspected HP cellular properties, opening the way to possible new roles for this protein family. Based on the observation that HPs control the process of morphogenesis, such as the control of cell lineages an organ differentiation, and while they were interested in neuron-astrocyte interactions and their impact on the shape and polarity of neurons [START_REF] Denis-Donini | Glial heterogeneity may define the threedimensional shape of mouse mesencephalic dopaminergic neurones[END_REF], they hypothesized that they could also control, at a lower organizational level, the morphology of isolated neurons. To test this hypothesis and understand the involvement of homeogenes in cell morphogenesis, the HD of Antennapedia was internalized in neurons via a technique that allows for the perturbation of the plasma membrane. They demonstrated that the HD can modify the morphology of neurons by binding to HP cognate sites in the genome, thus disrupting the activity of endogenous HPs [START_REF] Joliot | Antennapedia homeobox peptide regulates neural morphogenesis[END_REF]. Unexpectedly, the negative control consisting in adding ANTP-HD directly into the culture medium without membrane disruption turned out to be positive as it also resulted in a change in neuron morphology. The HD spontaneously internalized was addressed directly to the nucleus and cytoplasm and exerted its morphogenetic activity through direct binding to HP cognate binding sites [START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF][START_REF] Le Roux | Neurotrophic activity of the Antennapedia homeodomain depends on its specific DNA-binding properties[END_REF].

This led to propose, and demonstrate, that HPs are endowed with direct non-cell autonomous activities based on non-conventional internalization and secretion mechanisms. Secretion and internalization are made possible by two secretion and internalization domains embedded within the HD and highly conserved among HPs (Figure 15). This suggests that this feature is shared by HPs as supported by the demonstration that over 150 HPs can transfer between cells in vivo and in vitro [START_REF] Lee | Global Analysis of Intercellular Homeodomain Protein Transfer[END_REF]. Among these 150 HPs, biological functions associated with transfer properties have been identified for EN1/2, VAX1, OTX2 and PAX6 [START_REF] Di Nardo | The Physiology of Homeoprotein Transduction[END_REF].

The internalization sequence is called penetratin. Internalization occurs at 37°C as well as at 4°C, suggesting that it is at least partly based on energy-independent mechanisms in contrast to classical endocytosis which requires adenosine triphosphate (ATP) hydrolysis [START_REF] Derossi | The third helix of the Antennapedia homeodomain translocates through biological membranes[END_REF]. It has been shown that after internalization, ANTP-HD is found intact in the cells and is not directed to the degradation compartments. Penetratin is necessary and sufficient for internalization and corresponds to the 16 amino acids of the HD third α-helix [START_REF] Derossi | Cell internalization of the third helix of the Antennapedia homeodomain is receptor-independent[END_REF][START_REF] Derossi | The third helix of the Antennapedia homeodomain translocates through biological membranes[END_REF]. Within this sequence, a WF aromatic doublet is of primary importance and when these two residues are mutated the internalization of the homeodomain is drastically reduced [START_REF] Derossi | Cell internalization of the third helix of the Antennapedia homeodomain is receptor-independent[END_REF][START_REF] Derossi | The third helix of the Antennapedia homeodomain translocates through biological membranes[END_REF][START_REF] Le Roux | Neurotrophic activity of the Antennapedia homeodomain depends on its specific DNA-binding properties[END_REF]. The α-helix conformation of the 3 rd "helix"

is not a key element in this process as the insertion of prolines does not prevent internalization [START_REF] Derossi | Cell internalization of the third helix of the Antennapedia homeodomain is receptor-independent[END_REF]. Penetratin is able to translocate through artificial lipid vesicles in some experimental models [START_REF] Thorén | The Antennapedia peptide penetratin translocates across lipid bilayers -the first direct observation[END_REF]. More recently, a new mechanism involving a curvature of the plasma membrane leading to invaginations mimicking a classical endocytosis process even in the absence of ATP has been proposed [START_REF] Maniti | Metabolic energy-independent mechanism of internalization for the cell penetrating peptide penetratin[END_REF]. However, there are still many grey areas in the understanding of this internalization, particularly with fulllength HPs. However, the same mutations that block penetratin internalization also block that of full-length HPs, suggesting that some mechanisms are shared for their internalization.

The ability for HPs to be secreted has been demonstrated by studies done on the ENGRAILED protein. It has been shown previously that EN1 and EN2, similarly to many HPs [START_REF] Di Nardo | The Physiology of Homeoprotein Transduction[END_REF][START_REF] Lee | Global Analysis of Intercellular Homeodomain Protein Transfer[END_REF], translocate across the plasma membrane to reach the cell cytoplasm through a mechanism distinct from endocytosis [START_REF] Joliot | Transduction peptides: from technology to physiology[END_REF]. The observation of a non-nuclear localization, and more precisely the association of EN1 and EN2 proteins with membrane compartments in vivo in rat embryonic nerve tissue and ex vivo in COS cells expressing chicken EN2, was the first indication of a secretion of these proteins [START_REF] Joliot | Association of Engrailed homeoproteins with vesicles presenting caveolae-like properties[END_REF]. EN2 secretion is dependent on a short motif called Δl, which is highly conserved among homeoproteins, located from the end of the second helix to the middle of the third helix of the HD. It is interesting to note that the mutant form of EN2 in which the WF doublet is replaced by an SR doublet (EN2SR) seems to be still secreted but is internalized much less efficiently than wild type EN2 [START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF].

This signaling mechanism is of major physiological importance and has allowed us to take advantage of the natural internalization of homeoproteins by adding the HPs directly in the culture media and in vivo by injecting the ENGRAILED protein locally and directly into the midbrain (Reviewed in [START_REF] Prochiantz | Homeoprotein Signaling in the Developing and Adult Nervous System[END_REF] and in the spinal cord (in this thesis).

Since HPs translocate between cells thanks to the penetratin and Δl domains, it is important to distinguish cell autonomous from non-cell autonomous activities. However, as the secretion and internalization sequences are within the HD, it is impossible to mutate these sequences without affecting both types of activity. To overcome this difficulty, specific tools have been developed, such as single-chain (scFv) anti-HP antibodies. As illustrated in Figure 16, a scFv is a short fragment of a monoclonal antibody that can be cloned as a mini-gene. Thanks to a secretion signal, anti-HP scFvs are secreted in the extracellular medium where they recognize and trap the HPs extracellularly, thus affecting only their non-cell autonomous activity. This strategy has been developed and studied for PAX6, OTX2 and ENGRAILED. Using this tool, blocking PAX6 transfer signaling has been shown to decrease eye anlagen development in zebrafish [START_REF] Lesaffre | Direct non-cell autonomous Pax6 activity regulates eye development in the zebrafish[END_REF]. It was also used to demonstrate that non-cell autonomous EN1/2 regulates axon guidance [START_REF] Brunet | The transcription factor Engrailed-2 guides retinal axons[END_REF][START_REF] Wizenmann | Extracellular Engrailed participates in the topographic guidance of retinal axons in vivo[END_REF] and that extracellular PAX6 regulates oligodendrocyte precursor cell migration in the chick embryonic neural tube [START_REF] Di Lullo | Paracrine Pax6 activity regulates oligodendrocyte precursor cell migration in the chick embryonic neural tube[END_REF] and Cajal-Retzius cell migration in the developing mouse neocortex [START_REF] Kaddour | Extracellular Pax6 Regulates Tangential Cajal-Retzius Cell Migration in the Developing Mouse Neocortex[END_REF]. Similar studies have demonstrated that ENGRAILED signaling is implicated in the formation of the anterior cross vein in the imaginal disc of the Drosophila wing [START_REF] Layalle | Engrailed homeoprotein acts as a signaling molecule in the developing fly[END_REF].

Regarding the non-cell autonomous activity of OTX2, recent studies in the team have highlighted its role as a signaling factor in the development of the cerebral cortex. OTX2

produced by the choroid plexus and secreted into the cerebrospinal fluid (CSF) is internalized by parvalbumin (PV) positive interneurons in the visual cortex where its accumulation induces the maturation of PV interneurons that in turn regulates the opening and closure of the critical period for the acquisition of binocular vision (reviewed in [START_REF] Prochiantz | Homeoprotein Signaling in the Developing and Adult Nervous System[END_REF]. By blocking OTX2 transfer in the adult mouse, plasticity is reopened and binocular vision is restored in an experimental model of amblyopia, a developmental disorder of binocular vision [START_REF] Bernard | A Mouse Model for Conditional Secretion of Specific Single-Chain Antibodies Provides Genetic Evidence for Regulation of Cortical Plasticity by a Non-cell Autonomous Homeoprotein Transcription Factor[END_REF][START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Spatazza | Homeoprotein Signaling in Development, Health, and Disease: A Shaking of Dogmas Offers Challenges and Promises from Bench to Bed[END_REF].

Axon guidance is key to the establishment of neuronal networks and depends upon the interaction between receptor proteins in the axon and neighboring cells. The classic example is the EphrinA ligand and its receptor, EphA. EN2 promotes EphrinA transcription and thus has an important role in the establishment of the EphrinA gradient [START_REF] Logan | Rostral optic tectum acquires caudal characteristics following ectopic engrailed expression[END_REF][START_REF] Shigetani | En-2 regulates the expression of the ligands for Eph type tyrosine kinases in chick embryonic tectum[END_REF]. Reconciling guidance by EN2 and EphrinA5 in retinotectal patterning, it was shown that EN2 internalization renders the growth cones more sensitive to low EphrinA5 concentrations thanks to a multifactorial mechanism. ENGRAILED internalized by the growth cones binds to the translation initiation factor EIF4e and increases the local translation of NDUFS1 and NDUFS3 which are part of mitochondria complex I [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]. This results in enhanced synthesis and secretion of ATP followed by the degradation of ATP into Adenosine and the activation of Adenosine receptors type I. The latter purinergic signaling pathway interacts with EphrinA5 signaling and modulates the EphrinA5 growth cone collapsing activity [START_REF] Stettler | Engrailed homeoprotein recruits the adenosine A1 receptor to potentiate ephrin A5 function in retinal growth cones[END_REF]. HP signaling interaction with other more classical pathways was also found in the formation of the Drosophila wing disk anterior cross vein l [START_REF] Layalle | Engrailed homeoprotein acts as a signaling molecule in the developing fly[END_REF] and in oligodendrocyte migration [START_REF] Di Lullo | Paracrine Pax6 activity regulates oligodendrocyte precursor cell migration in the chick embryonic neural tube[END_REF].

In summary, HPs are transcription factors with cell autonomous and non-cell autonomous activities. HP signaling is crucial for a variety of processes that include tissue patterning, cell/axon guidance and migration throughout early development but also for cell maintenance and survival.

II.5 Homeoprotein neuroprotective activity

HP internalization has allowed for the use of OTX2 and ENGRAILED as therapeutic proteins in animal models of glaucoma and Parkinson disease, respectively [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Thomasson | Engrailed-1 induces long-lasting behavior benefit in an experimental Parkinson primate model[END_REF][START_REF] Torero Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF].

The protective activity of ENGRAILED proteins has mainly been studied in adult midbrain dopaminergic (mDA) of the Substantia Nigra pars compacta (SNpc) and Ventral tegmental area (VTA) where they are expressed [START_REF] Di Nardo | Dendritic localization and activity-dependent translation of Engrailed1 transcription factor[END_REF]. In Parkinson disease, the mDA neurons degenerate progressively. This feature has been identified in classical Parkinson disease animal models (A30P α-synuclein, MPTP, 6-OHDA) and in the En1 heterozygous mouse [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]Sonnier et al., 2007) (Figure 16, top). The injection or infusion of EN1 or EN2 in these models prevents mDA degeneration even when a strong and acute oxidative stress is provoked by 6-hydroxydopamine hydrobromide (6-OHDA) injection in the Substantia SNpc (Figure 17, bottom;[START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF].

Results

Article 1: Homeoprotein Neuroprotection of Embryonic Neuronal Cells. 

Résultats :

• L'expression d'EN1 est maintenue à l'âge adulte

• L'expression d'antiEN1-scFv sécrété dans la moelle épinière de souris sauvage entraîne une faiblesse musculaire progressive, un réflexe spinal anormal et une dénervation de la jonction neuromusculaire.

• Les souris En1-Het présentent une faiblesse musculaire dès l'âge de 2 mois, une dénervation partielle de la jonction neuromusculaire des muscles lombricaux vers l'âge de 3 mois et une perte ultérieure des larges α-MN de la moelle épinière à 4,5 mois, sans changement dans le nombre de neurones de taille intermédiaires ou de petite taille.

• Ces déficits s'aggravent après l'âge de 2 à 3 mois et sont, en partie, reproduits en bloquant l'activité non cellulaire autonome d'EN1.

• Une dégénérescence importante des α-MNs survient entre 3 et 4,5 mois chez les souris En1-Het, nous avons établi la fenêtre thérapeutique pour le traitement à 3 mois, lorsque les anomalies à la jonction neuromusculaire et des déficits moteurs sont déjà présents mais qu'il n'y a pas de perte de α-MNs. Une seule injection intrathécale d'hEN1 à 3 mois restaure la force musculaire, normalise le réflexe spinal et l'innervation de la jonction neuromusculaire et favorise la survie des α-MN. Cette activité restauratrice dure au moins 3 mois.

• Nous avons observé dans les souris En1-Het injectées avec une forme inactive de la protéine hEN1, une expression accrue de p62 dans les α-MN. Par contraste, les souris injectées avec la forme active d'hEN1 ont un niveau d'expression de p62 similaire à celui des souris WT.

Ceci suggère qu'hEN1 régule l'expression de p62. In Engrailed-1 heterozygote (En1-Het) mice, mesencephalic dopaminergic (mDA) neurons in the Substantia Nigra (SNpc) die progressively starting at post-natal week 6 (7). Infusion or injection of ENGRAILED-1 (EN1) or EN2 protein in the SNpc, and its internalization by mDA neurons, stops their degeneration in several Parkinson Disease (PD) mouse and non-human primate models (8, 9). A single EN1 injection in mice is active for several weeks, reflecting that EN1, not only regulates transcription and translation, but also works at an epigenetic level (10,11).

Conclusion et Discussion

En1 is expressed in developing and early postnatal spinal cord V1 inhibitory interneurons that form inhibitory synapses on large α-motoneurons (αMNs) and regulate alternating flexorextensor activity contributing to the excitatory/inhibitory balance important for αMN survival (12, 13). In light of EN1, EN2 and OTX2 neuronal pro-survival activities (2), we investigated whether EN1 from V1 interneurons impact on αMN physiology and survival. We demonstrate that En1 expression is maintained in adulthood, that En1-Het mice show early muscle weakness with partial denervation of the neuromuscular junction (NMJ) and a loss of αMNs. These deficits increase after 2 to 3 months of age and are, in part, reproduced by blocking EN1 non-cell autonomous activity. A single intrathecal injection of human recombinant EN1 (hEN1) at 3 months restores muscle strength, normalizes spinal reflex and NMJ innervation and promotes αMN survival. This restorative activity lasts for at least 3 months.

RESULTS

Neutralizing extracellular EN1 in the adult induces motor deficits

Engrailed-1 is expressed in a large population of neurons dorsal to the main population of large ChAT-stained MNs and in the ventral Calbindin-1 positive Renshaw cells at 4.5 months (Fig. 1A). This expression is identical at 4.5 and 16 months and reduced by half in the En1 heterozygote. Thus, large ChAT-expressing MNs are surrounded by En1-expressing cells.

ENGRAILED-1/2 is a transduction protein that directly signals between cells (2). Neutralizing extracellular EN1/2 in vivo modifies the maturation of the anterior cross vein in the fly wing disk and the navigation of retinal ganglion cell growth cones in frog and chick tectum (5, 14).

In both cases, extracellular EN1/2 was neutralized by expression of a secreted single-chain antibody (anti-EN1/2 scFv). We neutralized extracellular EN1 in the spinal cord, using an AAV8 encoding the myc-tagged anti-EN1/2 scFv under the control of the astrocyte-specific Glial Fibrillary Acidic Protein (GFAP) promoter (Fig. 1B) injected intrathecally at the lumbar level in 1-month-old WT mice.

Figure 1C shows the effects of the anti-EN1/2 scFv on weight, forepaw grip strength, holding onto an inverted grid and hindlimb extensor reflex. A minor weight loss appeared late after injection, whereas muscle weakness and abnormal hindlimb reflex appeared early and deteriorated with time. Neurofilament and synaptic vesicle protein 2A antibodies were used to visualize the innervation of the motor endplates characterized by alpha-bungarotoxin binding to acetylcholine receptor (AChR) clusters (Supplemetal Fig. 1A). Full innervation was reduced 16 weeks following scFv injection (Fig. 1D), but not the number of αMNs identified by size and ChAT expression (Supplemental Fig. 1B-D). 

Phenotypic characterization of the En1-Het mutant mouse

In absence of weight differences, En1-Het animals showed progressive loss of strength compared to their WT littermates (Fig. 2A-D). Forepaw grip strength was reduced at 3 months and persisted through 15.5 months of age. In the inverted grid test, En1-Het mice held on significantly less time at 2 months than WT mice with further deterioration over time. Finally, the hindlimb extensor reflex deteriorated between 1 and 9 months. Taken together, En1-Het mice show a rapid period of strength loss between 1 and 4.5 months. We analyzed NMJs in three muscle groups with different vulnerabilities in motoneuron diseases (15). In the lumbrical muscle fibers no changes were found in the average number of AChR clusters between WT and En1-Het mice (Fig. 3A) but motor endplate area was reduced in En1-Het mice at 15.5 months (Fig. 3B). The percentage of endplates with perforations is normal in En1-Het mice through 9 months of age but significantly reduced at 15.5 months (Fig. 3C). Finally, the percentage of fully innervated endplates (neurofilament immunoreactivity overlaying more than 80% of the endplate) is significantly reduced in the En1-Het mice NMJ, starting at 3 months and worsening at 4.5 months (Fig. 3D). No differences between the two genotypes were observed in any of the NMJ morphological characteristics in extraocular and tongue muscles (Supplemental Fig. 3).

Cresyl-violet stained neurons in the cervical and lumbar enlargements were classified by surface area (100-199 μm 2 , 200-299 μm 2 , and > 300 μm 2 ). There was no change in the number of small and medium size neurons as shown for lumbar enlargement in Figure 3E,F. The loss of large Cresyl violet-stained neurons in the En1-Het mouse in cervical and lumbar enlargements was first observed at 4.5 months (≈20% ) and reached ≈50% loss at 15.5 months (Fig. 3G,H). Choline acetyl transferase (ChAT) is selectively expressed in γ and αMNs, distinguishable by their size (16). When ChAT immunoreactivity was analyzed at 9 months, En1-Het spinal cord showed a maintenance of 200-299 μm 2 neurons and a loss of large > 300 μm 2 ChAT+ cells, with identical results for Cresyl violet-stained neurons (Supplemental Fig. 1 B-D). Thus, En1-Het mice show progressive αMNs loss, starting at 4.5 months and reaching about 50% at 15.5 months and this loss is not paralleled by an increase in intermediate size ChAT-stained MNs, precluding αMN shrinkage. 

Recombinant hEN1 reverses the En1-Het phenotype

A single injection of exogenous HPs rescue adult neurons from an in vivo stress for several weeks (10, 17). We thus tested the effect of a single intrathecal hEN1 injection into the spinal cord of En1-Het mice. Since muscle weakness and NMJ abnormalies appear between 2 and 3 months and αMN loss at only 4.5 months, 3 months was selected as a reasonable injection time. Injection of 1μg of hEN1 was followed 24h later by strong EN1 immunofluorescence in neurons of the lumbar and cervical enlargements where EN1 was present in many ChATpositive αMNs (Fig. 4A). The number of hEN1-stained cells was lower in the cervical region, probably due to its distance from the L5 injection site.

Muscle strength and hindlimb extensor reflex were evaluated at 3 months of age and, 2 days later, En1-Het mice were separated into untreated, vehicle-injected or hEN1-injected groups.

As above, 3-month-old En1-Het mice had reduced grip strength, reduced time holding onto the inverted grid and a lower hindlimb reflex score before intrathecal injections (Fig. 4B). One and a half months later, untreated En1-Het mice and those treated with vehicle continued to deteriorate in the three tests whereas the performance of hEN1-injected mice was indistinguishable from those of WT controls (Fig. 4B). In 4.5-month-old En1-Het mice injected at 3 months with hEN1, the percentage of fully occupied endplates returns to normal at hindlimb and forelimb levels (Fig. 4C,E). Threemonth-old En1-Het mice have a normal number of αMNs, but some loss is observed 1.5 months later. Figure 4F illustrates that hEN1 injected at 3 months prevents lumbar, but not cervical, αMN death. As a control, hEN1Q50A in which glutamine in position 50 of the homeodomain was mutated into alanine and can be internalized but lacks high-affinity binding to DNA (18) does not rescue muscular strength, extensor reflex, endplate occupancy or αMN numbers (Supplemental Fig. 4).

These experiments demonstrate that a single hEN1 lumbar injection at month 3 restores muscle strength, normalizes NMJ morphology and blocks lumbar, but not cervical αMN degeneration, for at least 1.5 months. Interestingly, while En1-Het mouse strength is restored in the forepaw grip strength and inverted grid tests, the survival of cervical αMNs is not rescued by hEN1. Because these tests involve the anterior limbs, it is likely that hEN1 had positive effects on the physiological activity of surviving αMNs. To investigate if rescue could last more than 1.5 months, 3-month-old En1-Het mice injected with hEN1 were assessed weekly during the first month post-injection and monthly up to six months. Before injection, 3-month-old En1-Het mice showed significant muscle weakness and abnormal reflex compared to WT mice (Fig5. A-C, left panels). One week after injection, grip strength and extensor reflex had returned to WT values that were fully maintained for 3 months, and then performance declined to pre-injection levels. The improvement in the inverted grid test was more modest but followed a similar time-course. At 9 months, En1-Het mice injected with hEN1 at 3 months performed better in the 3 tests than age-matched nontreated En1-Het mice. En1-Het mice treated with hEN1 also showed higher NMJ innervation at 9 months than untreated age-matched En1-Het mice, although less than WT littermates (Fig. 5D, left panel). Partial rescue at 9 months was also observed for lumbar αMN survival (Fig. 5D, right panel).

Finally, EN1 or vehicle were injected in 9-month-old En1-Het mice that manifested significant reductions in forepaw grip strength, time holding onto the inverted grid and extensor score (Fig. 5A-C, right panel). Compared to WT siblings, vehicle and hEN1-injected En1-Het mice remained significantly impaired in the three tests, with only a very limited improvement of the hEN1-treated mice, two months post injection, for the grip strength and extensor reflex tests. Anatomical analysis at the end of the experiment (15.5-month-old mice) showed no improvement in NMJ occupancy and αMN survival (Fig. 5D). hEN1 regulates the autophagy-associated p62 protein EN1 protects mDA neurons from the SNpc. To investigate if similar protective pathways are activated by EN1 in mDA and motor neurons, we re-analyzed the transcriptome of SNpc lysates from adult WT and En1-Het mice (10). Differentially expressed genes (threshold p<0.05) were compared with a transcriptome analysis of WT MNs (19), and STRING analysis produced 402 candidate genes. Introducing in the gene interaction analysis 4 genes mutated in the most frequent forms of ALS: Sod1, Fus, Tardbp-43 and C9orf72 yielded 20 genes of interest in the context of αMN physiology and survival.

SQSTM1/p62 an autophagy-related gene with variants in 486 patients with familial ALS (20) was found to interact with the 4 ALS genes. To examine if expression of the gene is regulated by EN1 within αMNs, p62 levels were measured in large ChAT expressing neurons of WT and En1-Het mice spinal cords injected with hEN1Q50A or hEN1. Injections were made at 3 months and analyzed at 4.5 months. Compared to WT mice, En1-Het mice injected with the inactive form of EN1 show enhanced expression of p62 while the active transcription factor reduced this expression to WT levels, suggesting that hEN1 regulates p62 activity (Figure 6). 

DISCUSSION

This study establishes the importance of non-cell-autonomous EN1 for αMN physiology and survival in vivo. In the En1-Het mouse, a single intrathecal injection has rapid and long lasting trophic activities. One day after injection, hEN1 accumulation in neurons, in particular αMNs, seems predominant, not precluding internalization by other neuronal or non-neuronal cell types.

Preferential hEN1 capture by αMNs suggests that they express EN1-binding sites, in line with the non-cell autonomous functions of EN1/2 reported earlier. This is reminiscent of OTX2, another HP that specifically accumulates in parvalbumin interneurons of the cerebral cortex (3) following its specific binding to glycosaminoglycans (GAGs) via a GAG binding domain (RKQRRERTTFTRAQL) (21). Similar GAG-binding domains are present in many HPs (1, 2), including EN1 and EN2 for which this putative GAG-binding sequence is KEDKRPRTAFTAEQL.

The potential role of this domain in the specific targeting of EN1 and the presence of EN1binding sites at the αMN surface will be investigated in future studies.

In the En1-Het mouse, decreased strength between 2.5 and 3 months corresponds to a decrease in fully occupied endplates first observed at 3 months and precedes αMN loss first observed at 4.5 months. This suggests retrograde degeneration, with muscle strength and endplates affected before αMN loss. Similarly, in this En1-Het mouse En1-expressing mDA neuron terminals in the striatum show signs of degeneration at 4 weeks, while the neurons start dying at 6 weeks ( 22). In this context, the finding that hEN1 injection at 3 months not only prevents lumbar αMN death for months, but also restores normal endplate innervation and muscle strength indicates that neurodegeneration is slowed or halted for a considerable period of time.

αMN degeneration is rapid between 3 and 4.5 months and then slows until at least 15.5 months when ≈40% αMNs remain. This heterogenity of αMNs for their dependency on EN1 is reminiscent of the lesser resistance of mDA neurons in the SNpc than in the Ventral Tegmental Area to En1 hypomorphism (7). It is also of note that the amounts of hEN1 reaching the cervical enlargement, while not sufficient to prevent αMN death, restored forelimb muscle strength and endplate innervation, suggesting that EN1 has beneficial effects on the remaining αMNs. Whether this involves sprouting of αMN terminals to occupy empty innervation sites will be analyzed.

Homeoproteins act cell-and non-cell-autonomously. A strictly cell autonomous activity in V1 interneurons would mean that they are dysfunctional in the En1-Het mouse. Deficits in inhibitory interneurons in the spinal cord of MN disease models have been reported and Renshaw cell pathology has been observed following αMN loss (23,24). Not mutually exclusive, EN1 might act in a non-cell autonomous way. Firstly, it may regulate other trophic factors to support αMN survival. Secondly, it might be secreted and internalized by intermediate cell types, such as astrocytes or microglial cells, enhancing their αMN-directed trophic activity (25,[START_REF] Coppedè | An Overview of DNA Repair in Amyotrophic Lateral Sclerosis[END_REF]. Finally, EN1 may transfer from V1 interneurons to αMNs to exert a direct protective activity as observed for OTX2 (17).

Neutralizing extracellular EN1 with an anti-EN1/2 scFv reduces endplate innervation and muscle strength without αMN loss, at least 4 months following viral injection. While longer survival times may show αMN loss, we cannot exclude that extracellular EN1 acts in conjunction with other factors with decreased secretion by En1-Het interneurons. Extracellular ENGRAILED co-signaling has been shown with DPP in the fly wing disk ( 14) and with EphrinA5 in the chick optic tectum (5). Mechanisms for protection of mDA neurons by a single EN1 injection have been characterized. Among them are the regulation of Complex I mitochondrial activity, DNA break repair, heterochromatin maintenance, and the repression of long interspersed nuclear element (LINE-1) expression (8,10,11,27). The activation of these mechanisms will be the object of future studies.

The En1-Het mouse presents phenotypes highly reminiscent of changes in ALS patients and in many ALS mouse models. However, although they may exist in some sporadic cases, no ALS phenotype has been associated with mutations affecting EN1 expression, precluding that the En1-Het mouse be considered as an ALS model. Yet, En1 might interact genetically with pathways leading to ALS, and EN1 could be envisaged as a long-lasting therapeutic protein, as shown in classical mouse and non-human primate models of Parkinson Disease (28).

Strikingly, the bioinformatic analysis led to a list of only 20 genes that interact with genes mutated in fALS. One of them, SQSTM1/p62, a known regulator of autophagy ( 28), associates with the four fALS genes included in our analysis and is up-regulated in 4.5-month-old En1-Het mice injected at 3 months with an inactive form of EN1, but is normal in En1-Het mice injected with active EN1. The ensuing hypothesis that En1 may interact with fALS genes will be evaluated by generating double heterozygotes for En1 and fALS genes.

Behavioral analyses

Mice were habituated to the behavioral room and to the experimenter 24 hours before the day of testing and again before each behavioral test. All tests were performed on the same day and behavioral assessment was carried by evaluators blind to genotype and treatment.

Forepaw Grip Strength. The Transducer (IITC Life Science Grip Strength Meter, ALMEMO 2450 AHLBORN, World Precision Instruments) was calibrated and the scale of values set to grams. Each mouse was lifted by the tail to position the front paws at the height of the bar (about 15 cm) and then moved towards the bar. When symmetric firm grip with both paws was established the mouse was pulled backward at a constant speed until the grasp was broken and the maximal value was recorded. The test was repeated 5 times per animal with a minimal resting time of 5 minutes between tests and the mean of all values was normalized to the weight of each animal.

Inverted Grid Test. The mouse was placed on a wire grid (15x10 cm) and allowed to explore it. After 3-5 minutes, the grid was raised 30 cm above a soft surface and slowly inverted. Latency to release was recorded three times per mouse with a minimum resting time of 5 minutes between trials. The longest latency was used for analysis.

Hindlimb Extensor Reflex. Mice were suspended by the tail at a constant height (30 cm) and scored for hindlimb extension reflex. The scores were assigned from 0 to 3 as follows: 3 for normal symmetric extension in both hind limbs without visible tremors; 2.5 for normal extension in both hind limbs with tremor in one or both paws; 2.0 for unequal extension of the hind limbs without visible tremors; 1.5 for unequal extension in the hind limbs with tremors in one or both paws, 1.0 for extension reflex in only one hindlimb, 0.5 for minimum extension of both hindlimbs, 0 for absence of any hindlimb extension.

Tissue preparation

Spinal cord. Adult mice were euthanized by a 1 μl/g body weight dose of Dolethal (Euthasol: 4 μg/μl). Spinal cords were dissected and placed in Phosphate Buffer Saline (PBS) to remove meninges and surrounding connective tissues. Cervical and lumbar enlargements were separately placed in paraformaldehyde 4% (PFA, Thermo Scientific) for 1 h at room temperature (RT) with gentle mixing, washed in PBS three times for 30 minutes at RT and placed in PBS with 20% sucrose overnight at 4°C. After cryoprotection, the tissue was embedded in Tissue Freezing Medium (TFM, Microm Microtech), frozen on dry ice and 30 μM sections prepared using an HM 560 Microm cryostat (Thermo Scientific).

Muscle. The extraocular muscle (EOM), tongue and lumbrical muscles were dissected in cold PBS and fixed at RT in 4% PFA for 10 minutes for extraocular and lumbrical muscles (1 hour for the tongue) washed in PBS and cryoprotected. Extraocular and lumbrical muscle wholemounts were processed in toto to visualize the entire innervation pattern and detailed analysis of the neuromuscular junctions ( 16). Tongue muscles were embedded and sectioned at 30 μm.

Cresyl violet staining. Slides with 30 μm spinal cord sections were washed in PBS 3 times, cleared in O-Xylene (CARLO-HERBA) for 5 minutes, then hydrated in graded alcohols with increasing water and placed in Cresyl Violet acetate (MERCK). Sections where then dehydrated in increasing alcohol and mounted in Eukitt® Quick-hardening mounting medium (Sigma).

Spinal cord and muscle immunofluorescence labeling. Slides with 30 μm spinal cord or muscle sections were washed in PBS and permeabilized with 2% Triton. After 30 minutes at RT in 100 μM glycine buffer, sections were blocked in 10% Normal Goat Serum (NGS, Invitrogen) or Fetal Bovine Serum (FBS, Gibco) in the presence of 1% Triton and incubated with primary antibodies (sheep anti-Choline Acetyltransferase (ChAT) ABCAM 1:1000, goat anti-ChAT Millipore 1:500, rabbit anti-EN1 1:300 (7), mouse anti-neurofilament 165kDa DSHB 1:50, mouse anti-synaptic vesicle glycoprotein 2A DSHB 1:100 and rabbit anti-p62 ABCAM 1:1000) overnight at 4°C, washed and further incubated with secondary antibodies for 2 hours at RT. For muscle staining, a-bungarotoxin (Alexa Fluor 488 conjugate) was included at the same time as the secondary antibodies. Slides were washed and mounted with DAPI Fluoromount-G® (Southern Biotech). Controls without primary antibodies were systematically included.

RT-qPCR

Spinal cords were removed as above and lumbar enlargements were rapidly frozen on dry ice. Total RNA was extracted (RNeasy Mini kit, Qiagen) and reverse transcribed using the QuantiTect Reverse Transcription kit (Qiagen). RT-qPCR was done using SYBR-Green (Roche Applied Science) and a Light Cycler 480 (Roche Applied Science). Data were analyzed using the "2-ddCt" method and values were normalized to Glyceraldehyde 3-phosphate dehydrogenase (Gapdh). The following primers were used: Engrailed-1 sense: CCTGGGTCTACTGCACACG, antisense: CGCTTGTTTTGGAACCAGAT; Gapdh sense: TGACGTGCCGCCTGGAGAAAC, antisense: CCGGCATCGAAGGTGGAAGAG.

Protein production

Human EN1 (hEN1) was produced as described ( 17) and endotoxins were removed by Triton X-144 phase separation. In brief, pre-condensed 1% Triton X-144 (Sigma) was added to the protein preparation. The solution was incubated for 30 minutes at 4°C with constant stirring, transferred to 37°C for 10 minutes and centrifuged at 4000 rpm for 10 minutes at 25°C. The endotoxin-free protein was aliquoted and kept at -80°C.

Intrathecal injections

Mice were anesthetized with 1 μl/g ketamine-xylazine (Imalgene1000: 10 μg/μl, Ruompur 2%: 0,8 μg/μl) and placed on the injection platform. The tail of the animal was taken between two fingers and the spinal column was gently flattened against a padded surface with the other hand. The L3 vertebral spine was identified by palpation and a 23G x 1" needle (0.6x25 mm Terumo tip) was placed at the L1 and T13 groove and inserted through the skin at an angle of 20° ( 16). The needle was slowly advanced into the intervertebral space until it reached the injection point, provoking a strong tail-flick reflex. Five μl were injected at a rate of 1 μl/min with or without 1μg recombinant protein. The needle was left in place for two minutes after injection and then slowly removed. Animals were placed in a warmed chamber until recovery from anesthesia. Extensor reflex and gait analysis were examined 2 and 24 hours after injection to verify the absence of spinal cord damage.

RNAscope Fluorescent in Situ Hybridization

Mice aged 4.5 months were euthanized with Dolethal and transcardially perfused with 0.9% NaCl. The lumbar region of the spinal cord was dissected, fixed overnight in 4% PFA at 4°C and cryoprotected in PBS 30% sucrose for 48 hours at 4°C. Spinal cord sections 40 μm-thick were prepared using a Leitz (1400) sliding microtome. Sections were washed in PBS, incubated with RNAscope hydrogen peroxide solution from Advanced Cell Diagnostics (ACD) for 10 min at RT, rinsed in Tris-buffered saline with Tween (50 mM Tris-Cl, pH 7.6; 150 mM NaCl, 0.1% Tween 20) at RT, collected on Super Frost plus microscope slides (Thermo Scientific), dried at RT for 1 hour, rapidly immersed in ultrapure water, dried again at RT for 1 hour, heated for 1 hour at 60°C and dried at RT overnight. The next day, sections were immersed in ultrapure water, rapidly dehydrated with 100% ethanol, incubated at 100°C for 15 minutes in RNAscope 1X Target Retrieval Reagent (ACD), washed in ultrapure water and dehydrated with 100% ethanol for 3 minutes at RT. Protease treatment was carried out using RNAscope Protease Plus solution (ACD) for 30 minutes at 40°C in a HybEZ oven (ACD). Sections were then washed in PBS before in situ hybridization using the RNAscope Multiplex Fluorescent V2 Assay (ACD). Probes were hybridized for 2 hours at 40°C in HybEZ oven (ACD), followed by incubation with signal amplification reagents according to the manufacturer's instructions. Probes were purchased from ACD: Mm-En1-C1 (catalog #442651), Mm-Chat-C2 (catalog #408731-C2), Mm-Calb1-C3 (catalog #428431-C3). The hybridized probe signal was visualized and captured on an upright Leica CFS SP5 confocal microscope with a 40x oil objective.

Bioinformatic analysis

Differentially expressed genes (cutoff p<0.05) from the RNA-seq performed on microdissected six-week-old SNpc from wild type (WT) and En1-Het mice (GSE72321 (10)) were compared to genes identified from an RNAseq of microdissected MNs from WT mice (GSE38820 ( 19)).

Transcripts present in the two lists were retained. Using STRING database, 10 biological processes of interest were selected including regulation of gene expression, cellular response to stress, cell communication, regulation of I-kappaB kinase/NF-kappaB signaling, cellular response to DNA damage stimulus, response to oxygen-containing compounds, locomotion, DNA repair, modulation of chemical synaptic transmission, and brain development. Using these pathways reduced the list of selected genes to 402. The interaction of the selected genes with the four main genes involved in familial ALS (fALS): Sod1, Fus, C9Orf72 and Tardbp was investigated.

Image analyses

Cresyl violet stained spinal cord section images were acquired with a Nikon-i90 microscope under bright field conditions at 10x with a Z-stack step of 0.5 μm. Immunofluorescence stained spinal cord sections images were acquired with a Leica SP5 inverted confocal microscope at 20x (Leica DMI6000) and acquisitions of 3D z-stack (0.5 μm) were made using the UV (405 nm, 50 mW), Argon (488 nm, 200 mW) and DPSS (561 nm, 15 mW) lasers. For cell quantification, at least five spinal cord sections separated by > 900 μm were analyzed for each animal. ChAT+ cells and Cresyl violet stained cells with a soma area above 100 μm 2 were manually outlined using ImageJ software (NIH, Bethesda, MD) and their area determined. Analyses were carried out on Z-stacks through the entire 30 μm thickness of the section. Cells were classified as small (100-199 μm 2 cross sectional area), intermediate (200-299 μm 2 ) or large (> 300 μm 2 ). Supplemental Figure 1 illustrates that ChAT and Cresyl violet gave similar results for medium size (200-299 μm 2 ) and large (>300 μm 2 ) neurons thus allowing us to characterize αMNs on the basis of size (>300 μm 2 ), with or without additional ChAT staining. For p62 staining analysis, the motoneuron region of five lumbar sections were acquired at 40x for each animal.

The mean intensity was measured in ChAT+ cells with a soma greater than 300 μm 2 using ImageJ software. For each experiment, image acquisition was performed with the same parameter settings of the confocal microscope to allow for comparison between experimental conditions.

Lumbrical, EOM and tongue muscles were imaged with a Leica SP5 inverted confocal microscope (Leica DMI6000) with a motorized XY stage. 3D z-stack (0.5 μm) acquisitions were made as above (UV, Argon and DPSS) and images analyzed using ImageJ software. Analyses were performed blind to the genotype and treatment. Endplates where categorized as fully innervated (neurofilament overlying more than 80% of the endplate), partially innervated (neurofilament overlying up to 80% of the endplate) or denervated (no neurofilament overlying the endplate. Endplate morphology was evaluated by counting the number of endplates with perforations (areas lacking α-bungarotoxin staining). For postsynaptic analysis, each endplate was manually outlined using ImageJ software and its area calculated. All analyses were performed on the entire Z-stacks through the NMJ.

Statistical analyses

Results are expressed as mean ± SD. Statistical significance was determined as follows. For RT-qPCR, WT and En1-Het mice were compared by Unpaired T-test with equal SD. For behavioral and NMJ analyses and aMN counting in the time-course study, groups were compared by Unpaired T-test with equal SD comparing WT with En1-Het for each time point. For intrathecal injections, behavioral and NMJ analyses and aMN counting, experimental data were compared by one-way ANOVA followed by a post hoc Dunnett's test for comparisons to WT. For behavioral analysis in the time-course protection of injected hEN1, groups were compared by Unpaired T-test with equal variances comparing WT with En1-Het injected at each time point.

I. Neuroprotection, a general property of the homeoproteins

Based on the observation that ENGRAILED protects dopaminergic neurons in vitro against rotenone and MPP+ and in vivo against 6-OHDA, MPTP and A30P a-synuclein, we hypothesized that this homeoprotein might protect against oxidative stress, in general [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]. In addition, OTX2 protects dopaminergic neurons in the 6-OHDA paradigm, similarly to EN1 [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF], and has a protective effect on adult dissociated Retinal Ganglion Cells (RGCs) either dissociated and in culture or in the model of degeneration induced by the excitotoxicity of NMDA, a glutamate analogue, injected into the eye [START_REF] Di Giovannantonio | Otx2 selectively controls the neurogenesis of specific neuronal subtypes of the ventral tegmental area and compensates En1-dependent neuronal loss and MPTP vulnerability[END_REF][START_REF] Torero Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]. It is, at first glance, very surprising that one homeoprotein could functionally replace another one and it seemed interesting to verify if this protective capacity was effective on several neuronal types in the same oxidative stress protocols. We therefore developed a test to evaluate whether neuroprotection could be a shared property of several HPs belonging to distinct classes and from different species (chicken, mouse, and human).

EN1, EN2, and GBX2 belong to the ANTENNAPEDIA class, OTX2 belongs to the PAIRED class, and LHX9 is a member of the LIM class of HPs [START_REF] Boncinelli | Homeobox genes and disease[END_REF]. We have shown that all HPs tested, from different classes and species, fully protect neural cells independently of whether they are normally expressed in these structures, during development or in the adult.

They all have a protective activity on the two neural cell types tested and participate in the repair of DNA damage caused by oxidative stress. This allows us to make the hypothesis that protective activities are a common feature of many HPs with no regional specificity and that they have been conserved through evolution. This parallels with the high conservation of their homeodomain [START_REF] Banerjee-Basu | Molecular evolution of the homeodomain family of transcription factors[END_REF][START_REF] Holland | Evolution of homeobox genes[END_REF][START_REF] Holland | The evolution of homeobox genes: Implications for the study of brain development[END_REF] but we have not analyzed what part takes the homeodomain in neuroprotection.

This study also demonstrates that MYC, a transcription factor of the basic helix-loop-helix family, has no neuroprotective effect against oxidative stress induced by H2O2. This suggests that the neuroprotective effect observed is not a general property of transcription factors but, so far, of several HPs. Furthermore, as suggested by the use of ENGRAILED variants, neuroprotection requires HP internalization and high affinity DNA binding properties. This is also supported by studies with OTX2 showing that when the WF at positions 85 and 86 (thus, some studies demonstrate the existence of direct interactions between the homeodomain of CDX2 and the KU protein involved in NHEJ repair of DSBs [START_REF] Renouf | Cdx2 homeoprotein inhibits non-homologous end joining in colon cancer but not in leukemia cells[END_REF][START_REF] Schild-Poulter | The binding of Ku antigen to homeodomain proteins promotes their phosphorylation by DNA-dependent protein kinase[END_REF]. Similarly, several HPs such as NKX3.1 or HB9 appear to accelerate the DNA repair response through transcriptional regulation [START_REF] Bowen | NKX3.1 activates cellular response to DNA damage[END_REF][START_REF] Chiba | Homeobox B9 induces epithelial-to-mesenchymal transition-associated radioresistance by accelerating DNA damage responses[END_REF]. Another hypothesis involves a more global maintenance of genome integrity associating the DNA repair response with changes in chromatin status, which is consistent with the change in expression of DNA repair genes and chromatin structure observed in the En1 heterozygous mouse [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF]. A related observation is provided by changes in heterochromatin and increased response to DNA damage in fibroblasts carrying a deletion of the homeogene Prep1 [START_REF] Iotti | Homeodomain transcription factor and tumor suppressor Prep1 is required to maintain genomic stability[END_REF].

The possible mechanisms by which HPs exert this neuroprotective activity can differ from one HP to another. But some insights will be developed in this discussion taking ENGRAILED as example even if each HP could have its own peculiarities in its way to exert neuroprotection.

In vivo, mice lacking one allele of En1 initially have a normal number of DA neurons in the SNpc but these neurons start to die at 6 weeks until at least one year when only 50% of them are still in place [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF]. In this thesis, we demonstrated that these mice also show a progressive loss of the large α-MNs in the ventral spinal cord starting at 4.5 months for until at least 2 years with a similar 50% loss of neurons. The infusion or injection of EN1/EN2 into the ventral midbrain or an EN1 intrathecal injection into the lumbar spinal cord significantly reduces degeneration [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF][START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF] and our results. The mechanisms underlying this degeneration have not been identified in motor neurons and are under investigation. However, several ENGRAILED targets have been characterized in other studies, particularly in the midbrain, allowing me to formulate some hypotheses on α-MNs death in the En1-Het mouse and on the protective mechanism triggered by EN1 following its injection in the spinal cord.

ENGRAILED-mediated neuroprotection involves the following mechanisms: regulation of translation of mRNAs encoding mitochondrial complex I proteins [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]; regulation of autophagy via mTOR [START_REF] Nordström | Progressive nigrostriatal terminal dysfunction and degeneration in the engrailed1 heterozygous mouse model of Parkinson's disease[END_REF]; protection against oxidative stress-and aging-associated chromatin relaxation, repression of LINE-1 (L1) expression, repair of DNA strand breaks, (Blaudin de [START_REF] Blaudin De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF][START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF]; protection against nucleolar stress which can lead to p53 activation and cell death [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF]; and transcriptional activation of Gadd45b, a direct Engrailed target, which can function as an antiapoptotic factor as well as an epigenetic regulator of gene expression for cell survival [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF].

Mitochondrial dysfunctions

The cell protective capacity of ENGRAILED passes at least partially through the translational control of some mitochondrial complex I subunits. It has been demonstrated that ENGRAILED enhances the translation of nucleus-encoded mRNAs for two key complex I subunits, NDUFS1 and NDUFS3, and increases complex I activity. Accordingly, in vivo protection against MPTP by ENGRAILED is antagonized by NDUFS1 small interfering RNA. A physiological interaction between ENGRAILED and complex I has been confirmed by the reduced expression of NDUFS1 and NDUFS3 in the SNpc of En1 heterozygous mice. In this context, it is interesting that part of the immediate ENGRAILED pro-surviving activity is through its ability to regulate complex I protein translation [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF]. Among the translational targets present in the mitochondrial cloud is LAMINB2, a protein classically associated with the heterochromatin but also present in the axonal compartment. Axonal LAMINB2 associates with mitochondria, and LAMINB2-deficient axons exhibit mitochondrial dysfunction, defects in axonal transport and synapse destabilization, suggesting that LAMINB2 may not only act as a heterochromatin scaffold protein but also play role in axon and synapse maintenance, part of this role involving mitochondrial functions [START_REF] Yoon | Local Translation of Extranuclear Lamin B Promotes Axon Maintenance[END_REF].

It has emerged in the past decade that an increasing number of degenerative diseases of the central nervous system, including ALS, are associated with defects in mitochondrial functions.

Recent studies postulate that the mis-localization in mitochondria of mutant forms of copperzinc superoxide dismutase (SOD1), a well-documented cause of familial ALS, may account for the toxic gain of function of the enzyme, and hence induce α-MN death. Normally, a small fraction of SOD1 resides in mitochondria (Okado-Matsumoto and Fridovich, 2001) and many mutated forms of SOD1 are also localized in various mitochondrial sub-compartments, in a similar or even larger extent than the wild type enzyme. Mitochondrial SOD1 is mostly in the intermembrane space, although a small portion of it has been detected on the cytoplasmic face of the outer membrane and in the matrix. Cell respiration is affected in spinal cord mitochondria of mutant SOD1 mice as supported by several studies showing a decrease in the activity of electron transport chain complex I [START_REF] Jung | Mitochondrial electron transport chain complex dysfunction in a transgenic mouse model for amyotrophic lateral sclerosis[END_REF] which may validate our model for one aspect of EN1 pro-survival activity.

Mitochondria are also controlling cell survival and death through the regulation of apoptosis.

The involvement of the apoptotic machinery in α-MN death has been largely discussed [START_REF] Guégan | Programmed cell death in amyotrophic lateral sclerosis[END_REF]. In our model, caspase activation detected in SNpc dopaminergic neurons of En1 heterozygous mice, is strongly increased upon 6-OHDA injection in wild type mice and repressed after EN1 administration [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF]. Activated caspases can be detected in the spinal cord of ALS patients and ALS mouse models [START_REF] Inoue | The crucial role of caspase-9 in the disease progression of a transgenic ALS mouse model[END_REF][START_REF] Pasinelli | Caspase-1 and -3 are sequentially activated in motor neuron death in Cu,Zn superoxide dismutase-mediated familial amyotrophic lateral sclerosis[END_REF][START_REF] Pasinelli | Caspase-1 is activated in neural cells and tissue with amyotrophic lateral sclerosis-associated mutations in copper-zinc superoxide dismutase[END_REF]. Their inhibition can delay disease onset and extends survival in SOD1 transgenic mice [START_REF] Inoue | The crucial role of caspase-9 in the disease progression of a transgenic ALS mouse model[END_REF][START_REF] Li | Functional Role of Caspase-1 and Caspase-3 in an ALS Transgenic Mouse Model[END_REF][START_REF] Sun | Overexpression of HGF Retards Disease Progression and Prolongs Life Span in a Transgenic Mouse Model of ALS[END_REF]. Furthermore, release of cytochrome-C from the mitochondrial intermembrane space into the cytosol, a no return point for the activation of caspases, is observed in ALS mouse models [START_REF] Guégan | Recruitment of the mitochondrial-dependent apoptotic pathway in amyotrophic lateral sclerosis[END_REF]. The inhibition of cytochrome-C delays disease onset and increases survival in SOD1 G93A mice [START_REF] Dupuis | Mitochondria in amyotrophic lateral sclerosis: a trigger and a target[END_REF], supporting the notion that mitochondria-dependent apoptosis is an important pathway in α-MN degeneration in ALS. Because of the multiple tasks performed by mitochondria in energy metabolism, calcium homeostasis, chromatin remodeling through ATPdependent complexes [START_REF] Clapier | Mechanisms of action and regulation of ATP-dependent chromatin-remodelling complexes[END_REF] and regulation of the intrinsic apoptotic pathway and because mutations cause an increase in the amount of SOD1 associated with mitochondria, it is possible that the mitochondria-SOD1 liaison be an important aspect of ALS pathogenesis [START_REF] Carrì | SOD1 and mitochondria in ALS: a dangerous liaison[END_REF].

Oxidative stress

Due to neuronal activity, the brain is a very large energy consumer (20% of adult energy in the human), leading to the risk of detrimental oxidative stress. Unless maintained within physiological limits, oxidative stress damages several cellular compartments, including the nucleus, with the oxidation of DNA. Hence the importance of several mechanisms that provide an effective protection against oxidative stress, on a one-time and long-term basis.

ENGRAILED is protective in several models of oxidative stress including MPTP, H2O2, 6-OHDA and rotenone [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF].

The relation between energy production and oxidative stress is due to the fact that ATP synthesis implies that of reactive oxygen species (ROS), a class of highly reactive molecules and by-products of oxygen reduction. ENGRAILED not only regulates the translation of complex I mitochondrial proteins, but also induces oligomycin-sensitive mitochondrial ATP synthesis. The main sources of endogenous ROS in the cell are the respiratory chain of the mitochondria and the NADPH oxidases (NOX), a transmembrane enzymatic complex [START_REF] Halliwell | Reactive oxygen species and the central nervous system[END_REF]. An improper balance between ROS production and detoxification by the antioxidant enzymes of the cell (SOD, catalase, glutathione synthase,…) has been hypothesized as one of the major culprit in neurodegenerative diseases [START_REF] Ames | Oxidants, antioxidants, and the degenerative diseases of aging[END_REF][START_REF] Sorce | NOX enzymes in the central nervous system: from signaling to disease[END_REF]. SOD1 mutations are the most common causes of ALS in non-Caucasian patients.

Although the consensus is that its aggregation has more to do in ALS than the loss of its reductive enzymatic activity, it is worth noting that SOD1 catalyzes the removal of superoxide according the reaction O2 -+ 2H + → H2O2 (superoxide dismutation). Reactions catalyzed by SOD enzymes result in the production of H2O2, another dangerous ROS able to react with Cytochrome-C (Fe 3+ ) to produce the highly reactive species Oxoferryl-CytC CytC (Fe 4+ ).

Whatsoever, H2O2 levels must be carefully controlled through cellular expression of catalase, glutathione peroxidase and peroxiredoxins. Mitochondria are the major site of production of intracellular ROS and therefore need a robust antioxidant defense to prevent local oxidative stress that may impair protein function, membrane integrity and increased mitochondrial DNA damage [START_REF] Tafuri | SOD1 misplacing and mitochondrial dysfunction in amyotrophic lateral sclerosis pathogenesis[END_REF]. Ropinirole was identified from a panel of 1232 FDA-approved drugs in a drug screening analysis, conducted at Keio University, which examined FUS-and TDP-43-ALS iPSC-derived MNs for suppression of ALS-related phenotypes in vitro. This drug possibly acts by decreasing oxidative stress [START_REF] Okano | Ropinirole, a New ALS Drug Candidate Developed Using iPSCs[END_REF].

Regulation of autophagy and axonal fragmentation

Further characterization of the En1 heterozygous mice revealed a retrograde degeneration of dopaminergic neuron axons in the striatum [START_REF] Nordström | Progressive nigrostriatal terminal dysfunction and degeneration in the engrailed1 heterozygous mouse model of Parkinson's disease[END_REF]. In SNpc neurons, this degeneration is accompanied by an up-regulation of the mammalian target of rapamycin (mTOR) pathway, concurrently with a downregulation of the autophagic marker microtubule-associated protein light chain 3 (LC3B). This supports the notion that autophagic protein degradation is reduced in the absence of one En1 allele. This decreased autophagy and increased activity of the mTOR pathway participates in retrograde degeneration and neuronal death in the SNpc. The importance of ENGRAILED in axonal guidance [START_REF] Brunet | The transcription factor Engrailed-2 guides retinal axons[END_REF], and synapse maintenance [START_REF] Yoon | Local Translation of Extranuclear Lamin B Promotes Axon Maintenance[END_REF] has already been demonstrated in the visual system, suggesting a role of ENGRAILED in maintaining axonal integrity and connections, thus possibly in controlling retrograde degeneration.

In ALS, multiple studies of post-mortem patient tissues provide evidence for autophagy dysregulation in motor neurons. A study investigating the lumbar spinal cords of patients with sALS describes degenerated motor neurons with inclusions immunopositive for p62 and LC3-II [START_REF] Sasaki | Autophagy in spinal cord motor neurons in sporadic amyotrophic lateral sclerosis[END_REF]. In addition to human post-mortem tissues, p62-positive inclusions are also significantly enriched in iPSC-derived neurons from patients with expanded GGGGCC repeats in the C9orf72 gene [START_REF] Almeida | Modeling key pathological features of frontotemporal dementia with C9ORF72 repeat expansion in iPSC-derived human neurons[END_REF]. Interestingly, in SOD1 G93A mice, p62/SQSTM1 accumulates progressively in the spinal cord, indicating a possibility of impaired autophagic flux. It is thus surprising that the autophagy enhancer rapamycin accelerates α-MN degeneration and shortens the lifespan of ALS mice. Similarly, in dopaminergic neurons, EN1 inhibits the mTOR pathway and could have a protective effect while inhibiting autophagy.

Interestingly in this context, autophagy in motor neurons plays contrasted roles early and late during disease progression in the SOD1 G93A mouse model of ALS. At early stages, vulnerable motor neurons form large autophagosomes containing ubiquitinated cargoes recognized by p62 and inhibition of autophagy accelerates the denervation of fast muscle fibers and the onset of tremor, indicating that autophagy plays a beneficial role early in the disease. Later in the disease, p62 aggregates are not engulfed by the autophagy machinery and inhibition of autophagy attenuates pathological changes and extends lifespan, indicating that autophagy plays a detrimental role. Therefore, based on this mouse model, it can be anticipated that modulating autophagy may have opposite effects at early and late stages of the disease. To summarize, it seems that autophagy in motor neurons plays a protective role early in the disease but contributes to neurodegeneration late in disease [START_REF] Rudnick | Distinct roles for motor neuron autophagy early and late in the SOD1G93A mouse model of ALS[END_REF][START_REF] Zhang | Rapamycin treatment augments motor neuron degeneration in SOD1(G93A) mouse model of amyotrophic lateral sclerosis[END_REF].

In the same line of thought, mutations in the dynactin gene (Dctn1) on chromosome 2p13 have been observed in a family with a slowly progressive motor neuron disease, with some clinical features reminding ALS [START_REF] Puls | Mutant dynactin in motor neuron disease[END_REF]. It is suggested that the degradation of autophagosome engulfed proteins is driven by the cytoskeleton molecular motor machineries since, once formed, autophagosomes need to reach the lysosomes primarily localized around the nuclei, in vicinity of the microtubule-organizing center. The dynein-dynactin complex is key to autophagosome retrograde transport and altering its activity provokes a massive buildup of autophagosomes within neuronal processes. For example, a decreased activity of the dynein complex as a result of dynactin mutations is also believed to cause autophagosomes to develop in motor neurons of presymptomatic ALS patients as well as autolysosomes and p62-positive inclusions to accumulate in degenerating neurons at clinical stages [START_REF] Nixon | The role of autophagy in neurodegenerative disease[END_REF]. Also, mice with a targeted disruption of the dynein-dynactin complex in postnatal motor neurons show a late-onset progressive motor neuron degenerative phenotype characterized by decreased strength and endurance, muscle denervation and α-MN degeneration. Finally, experimental inhibition of axonal transport is sufficient to cause motor neuron degeneration similar to that observed in ALS, confirming the critical role of disrupted axonal transport in the pathogenesis of motor neuron degenerative diseases [START_REF] Lamonte | Disruption of Dynein/Dynactin Inhibits Axonal Transport in Motor Neurons Causing Late-Onset Progressive Degeneration[END_REF]. It cannot therefore be precluded that EN1 which regulates Microtubule-Associated Protein 1B (MAP1B) expression [START_REF] Foucher | Joint regulation of the MAP1B promoter by HNF3β/Foxa2 and Engrailed is the result of a highly conserved mechanism for direct interaction of homeoproteins and Fox transcription factors[END_REF] exerts part of its protective activity through the control of intracellular vesicle transport.

Transcriptional regulation

The death of dopaminergic neurons in the SNpc of En1 heterozygous mice from 6 weeks onwards underscores the deleterious phenotype linked to the loss of an En1 allele. Analysis of the SNpc transcriptome of En1 heterozygous mice at 6 weeks, before neuronal death onset, first reveals significant changes in the expression of genes related to DNA repair and chromatin remodeling. En1 thus appears to control, at the transcriptional level, functions related to the response to DNA damage and to chromatin changes in addition to many other processes, including apoptosis. Whether En1 controls the expression of these genes directly or indirectly is of interest. At 6 weeks, the number of neurons is not yet affected by the absence of an En1 allele but retrograde degeneration of the axons has already started. Thus, the changes in transcripts are the consequence of both an EN1 decrease (direct and indirect regulation of transcription) and of compensatory responses to retrograde axonal degeneration, independent of EN1 per se [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF].

Similarly, increasing evidence supports mitochondrial dysfunction and oxidative DNA damage in ALS α-MNs. Several DNA repair enzymes are activated following DNA damage to restore genome integrity, and impairments in DNA repair capabilities could contribute to motor neuron degeneration [START_REF] Coppedè | An Overview of DNA Repair in Amyotrophic Lateral Sclerosis[END_REF]. Several transcripts paramount for proper axon function seem to be downregulated or completely absent in SOD1 G93A axons. In addition, upregulation of some transcripts in ALS could reflect compensatory mechanisms retarding axon damage or dysfunction in SOD1 G93A such as the ALS-causative gene Nek1 [START_REF] Nijssen | Axon-Seq Decodes the Motor Axon Transcriptome and Its Modulation in Response to ALS[END_REF].

Chromatin remodeling

Heterochromatin is classically described as a condensed region containing very few active genes. One of the mechanisms of transcription repression is based on the triple methylation of histone 3 (H3) on its lysins 9 and 27 (H3k9me3 and H3k27me3). It has been shown that in En1 heterozygous mice, there is a perturbation of heterochromatin in SNpc dopaminergic neurons, notably marked by perinucleolar and perinuclear H3K27me3 pattern modifications, nucleolin diffusion and LaminB2 staining modifications. The changes strongly suggest heterochromatin local relaxation and thus an alteration in the expression of the genes involved in chromatin remodeling and of genes under heterochromatin repression. Engrailed hypomorphism, but also an experimental oxidative stress, disrupts these heterochromatin epigenetic marks. Conversely, an acute injection of ENGRAILED in the SNpc, following that of 6-OHDA, not only saves many dopaminergic neurons but also restores the epigenetic mark pattern that had been lost upon oxidative stress [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF].

Many enzymes involved in chromatin modification have been implicated in ALS (Fig. 18). As already mentioned, heterochromatin perturbation, visualized by changes in the staining pattern of H3K9me3 and H3K27me3, is found in En1 heterozygous mice midbrain dopaminergic neurons. Interestingly, recent evidence has linked trimethylation of lysine residues on H3 and H4 with C9orf72 loss-of-function toxicity in ALS patients with dipeptide repeat coding expansions (DREs) [START_REF] Belzil | Reduced C9orf72 gene expression in c9FTD/ALS is caused by histone trimethylation, an epigenetic event detectable in blood[END_REF]. There is an increase in H3K9me3, H3K27me3, and H4K20me3 levels around the DREs in brain tissue from ALS patients compared to healthy controls. These histone post-translational modifications are strongly associated with gene silencing [START_REF] Lachner | An epigenetic road map for histone lysine methylation[END_REF]. Decreased levels of C9orf72 mRNA in patients support a lossof-function toxicity model. Interestingly, treating fibroblasts derived from patients bearing [START_REF] Rubbi | Disruption of the nucleolus mediates stabilization of p53 in response to DNA damage and other stresses[END_REF]. In En1 heterozygous mice, a change in nucleolin labeling that accompanies nucleolar stress was observed in approximately 1-year old mice. However, by sequencing SNpc mRNAs at 6 weeks of age and comparing WT and En1 heterozygous mice, Rekaik and colleagues [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF] found changes in the expression of a group of genes that regulate nucleolar functions, suggesting an alteration of nucleolar functions already at an early age. It is therefore very possible that nucleolar stress participates in the death of neurons in En1 heterozygous mice, possibly via the activation of apoptosis.

The increase in nucleolar stress in En1 heterozygous mice is consistent with what has been observed in ALS [START_REF] Haeusler | C9orf72 nucleotide repeat structures initiate molecular cascades of disease[END_REF], suggesting that this phenomenon may be one of the pathological markers of the disease. These findings enlarge nucleolus function beyond the regulation of ribosome biogenesis, suggesting that this organelle acts as a general stress sensor, not without consequences for a better understanding of some mechanisms at work in neurodegeneration [START_REF] Hetman | Emerging roles of the neuronal nucleolus[END_REF].

LINE-1 repression

In En1 heterozygous mice, the increase in abnormal expression of genes, in particular those encoding mobile elements such as LINE-1, which are usually repressed, probably indicates a change in the state of heterochromatin. Indeed, the decrease in peri-nucleolar H3k27me3 labelling indicates a relaxation of heterochromatin, which normally blocks the expression of mobile elements [START_REF] Bártová | Histone modifications and nuclear architecture: a review[END_REF].

LINE-1 autonomous retrotransposons are non-viral mobile DNA elements that amplify themselves by a "copy and paste" mechanism. They contain two reading frames, ORF1 and ORF2. ORF1 codes for an RNA chaperone protein (ORF1p) and ORF2 codes for a protein (ORF2p) that has both endonuclease and reverse transcriptase activities [START_REF] Martin | Nucleic acid chaperone activity of the ORF1 protein from the mouse LINE-1 retrotransposon[END_REF][START_REF] Mathias | Reverse transcriptase encoded by a human transposable element[END_REF]. These two proteins bind to the LINE transcript to form a cytoplasmic ribonucleoprotein [START_REF] Hohjoh | Cytoplasmic ribonucleoprotein complexes containing human LINE-1 protein and RNA[END_REF] which is transported to the nucleus.

The ORF2p endonuclease creates a cut in the DNA in oligo-T riche regions allowing for LINE-1 RNA poly-A tail to hybridize and for ORF2p reverse transcriptase to initiate retrotranscription. This results in a new copy of LINE-1 which inserts itself at the DNA break site.

LINE-1 is expressed at physiologically balanced levels in WT mice and has beneficial effects including by promoting genetic mosaicism [START_REF] Singer | LINE-1 Retrotransposons: Mediators of Somatic Variation in Neuronal Genomes?[END_REF]. LINE-1-encoded ORF2p endonuclease causes continuous DNA breaks probably facilitating long gene expression, similarly to topoisomerases [START_REF] Puc | Ligand-dependent Enhancer Activation Regulated by Topoisomerase-I Activity[END_REF]. However, this endonuclease activity may represent a permanent threat to the integrity of the genome if the DNA repair machinery is not able to contain it within physiological limits. Regulatory mechanisms are thus important to maintain physiological levels of LINE-1 expression and ensure genome stability.

The laboratory has demonstrated that in the dopaminergic system, induction of acute oxidative stress (injection of 6-OHDA into SNpc) or chronic oxidative stress (in En1 heterozygous mice) increases LINE-1 expression. This increase contributes to genotoxic stress, ultimately inducing neuronal death. It has also been shown that ENGRAILED is a direct repressor of LINE-1 expression as well as acting indirectly though heterochromatin maintenance. This suggests that EN1, by repressing LINE-1 expression at the latter two levels, protects vulnerable neurons by preventing them from crossing the pathological threshold, thus allowing for efficient DNA repair (Blaudin de [START_REF] Blaudin De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF][START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF].

Some ALS-associated protein mutants form complexes with ORF1p within cytoplasmic aggregates and the increased expression of some of these proteins, such as TDP-43, limits LINE-1 retrotransposition [START_REF] Pereira | Properties of LINE-1 proteins and repeat element expression in the context of amyotrophic lateral sclerosis[END_REF]. LINE elements have been identified as TDP-43 targets. One can propose that the normal silencing or regulation of retrotransposable elements (RTE) is lost when TDP-43 protein function is compromised, and that the accumulation of RTE-derived RNAs or proteins contribute to TDP-43-mediated neurodegenerative disorders, in part by causing DNA-damage responses [START_REF] Li | Transposable Elements in TDP-43-Mediated Neurodegenerative Disorders[END_REF][START_REF] Tam | Postmortem Cortex Samples Identify Distinct Molecular Subtypes of ALS: Retrotransposon Activation, Oxidative Stress, and Activated Glia[END_REF]. Isolating diseased neuronal nuclei with depleted TDP-43 from the post-mortem brain of ALS patients, has shown that loss of TDP-43 is associated with chromatin decondensation around LINE-1 elements and increases LINE-1 expression. In the same study, it was found that when TDP-43 expression is knock-down, there is a significant increase in LINE-1 retrotransposition [START_REF] Liu | Loss of Nuclear TDP-43 Is Associated with Decondensation of LINE Retrotransposons[END_REF]. These data provide additional support for a role of TDP-43 in transposon silencing. Finally, an increased expression of repetitive element sequences, including LINEs, is observed in the frontal cortex of C9orf72-positive and sporadic ALS cases [START_REF] Prudencio | Repetitive element transcripts are elevated in the brain of C9orf72 ALS/FTLD patients[END_REF]. Thus, it is possible that an increased expression of LINE-1 retrotransposons in the brains of ALS patients, contributes to the pathology.

If these hypotheses are right, novel therapeutic options are conceivable such as antisense RNA therapy directed against retrotransposon expression, or by an EN1 gain of function allowing for LINE-1 repression, or by the use of reverse transcriptase inhibitors (Blaudin de [START_REF] Blaudin De Thé | Engrailed homeoprotein blocks degeneration in adult dopaminergic neurons through LINE-1 repression[END_REF].

Cell and non-cell autonomous activity

The fact that homeoproteins can act cell and non-cell autonomously allows us to formulate two possible mechanisms to better explain the deficits observed in the spinal cord of En1 heterozygous mice. The direct cell autonomous effect concerns V1 interneurons since they are the only cells expressing EN1 in the spinal cord. The loss of one allele can have deleterious effect on the interneurons. It is indeed known that they are an essential component of the reciprocal inhibitory α-MN circuit and that the loss of their inhibitory input places these neurons in jeopardy [START_REF] Quinlan | Links between Electrophysiological and Molecular Pathology of Amyotrophic Lateral Sclerosis[END_REF]. Accordingly, in mutant SOD1-associated ALS, changes in spinal cords interneurons inhibitory activity may facilitate α-MN degeneration and contribute to disease progression [START_REF] Hossaini | Spinal Inhibitory Interneuron Pathology Follows Motor Neuron Degeneration Independent of Glial Mutant Superoxide Dismutase 1 Expression in SOD1-ALS Mice[END_REF]. In addition, in SOD1 G93A , there is a loss of Renshaw cells associated with the reduction in α-MN number (Chang and Martin, 2009b). In parallel, EN1 might also act in a non-cell autonomous way, either by direct secretion and transduction into α-MN and other cell types (e.g. astrocytes and microglial cells), or by regulating the expression of classical trophic factors that are secreted by the INs and support α-MN survival and physiology as discussed above.

Heterogeneity in neuronal susceptibility

In the En1 heterozygous mice, the selective and progressive loss of SNpc dopaminergic neurons begins at 6 weeks of age and reaches 38% death at 24 months [START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF]. Recent studies demonstrate the existence of dopaminergic neuronal subpopulations with distinct molecular profiles. These subpopulations differ in the expression of several specific markers, including transcription factors, channels, receptors, etc. [START_REF] Poulin | Defining midbrain dopaminergic neuron diversity by single-cell gene expression profiling[END_REF]. The diversity of these profiles should be analyzed in the light of the specific functions of these sub-populations and of their differential sensitivity to the deleterious effects of some mutations or of the environment.

In the spinal cord of En1 heterozygous mice, the time course of α-MN degeneration is rapid between 3 and 4.5 months and then slows down to reach a plateau of about 40% of the cells still alive at 15.5 months. This heterogeneity of α-MNs in terms of their dependency to EN1 is reminiscent of that seen in the SNpc.

In ALS, comparably, MNs are not equally affected [START_REF] Nijssen | Motor neuron vulnerability and resistance in amyotrophic lateral sclerosis[END_REF]. Specific α-MNs subpopulations are more sensitive than others both in animal models and in human patients.

Corticospinal MNs and lower somatic spinal fast MNs which innervate voluntary muscles degenerate more readily than other lower MN subgroups which remain relatively resistant to degeneration, reflecting the clinical manifestations of ALS. Spinal fast and slow motor units show differences in their dendritic arborizations and in the number of myofibers they innervate.

These motor units also differ in their functionality and excitability. Identifying the molecular basis of cell-intrinsic pathways that are differentially activated between resistant and vulnerable MNs could reveal mechanisms of selective neuronal resistance, degeneration and regeneration [START_REF] Nijssen | Motor neuron vulnerability and resistance in amyotrophic lateral sclerosis[END_REF][START_REF] Ragagnin | Motor Neuron Susceptibility in ALS/FTD[END_REF].

Motor unit identities are considerably stable, their projections and synapses within a muscle can exhibit functional and anatomical plasticity in the adult and expand in response to local signals through synaptic (preterminal and ultra-terminal) and nodal (from nodes of Ranvier) nerve sprouting [START_REF] Brown | Sprouting of motor nerves in adult muscles: a recapitulation of ontogeny[END_REF][START_REF] Caroni | Intrinsic neuronal determinants that promote axonal sprouting and elongation[END_REF]. In diseases that target motoneurons, extensive nerve sprouting and synaptic remodeling occur as part of compensatory reinnervation processes and possibly also of motoneuron pathology [START_REF] Frey | Early and Selective Loss of Neuromuscular Synapse Subtypes with Low Sprouting Competence in Motoneuron Diseases[END_REF]. At the level of the NMJ, there is also a gradual and selective loss of synaptic connections in a disease context. The fastfatigable neuromuscular synapses are highly vulnerable and are lost very early in contrast with the slow-type synapses that resist until the terminal phase of the disease. It has been shown that in SOD1 G93A mice, the slow-type disease-resistant synapses are particularly plastic. In contrast, fast-type synapses with the highest vulnerability fail to exhibit any stimulus-induced changes [START_REF] Frey | Early and Selective Loss of Neuromuscular Synapse Subtypes with Low Sprouting Competence in Motoneuron Diseases[END_REF]. Accordingly, in SOD1 G93A , vulnerable motor units are saved by increasing their neuromuscular activity and consequently, converting them to slower, less forceful, fatigue-resistant motor units [START_REF] Gordon | Functional over-load saves motor units in the SOD1-G93A transgenic mouse model of amyotrophic lateral sclerosis[END_REF].

It is also important to note that the injection of hEN1 in the spinal cord of En1 heterozygous mice restored muscle strength and endplate innervation at lumbar and cervical levels but exclusively prevented the death of lumbar α-MNs. Whether this involves sprouting of the remaining cervical α-MN terminals to occupy the empty innervation sites or changes in the characteristics of the motor units remains to be examined.

En1 heterozygous mice present muscle weaknesses, abnormal spinal reflex, NMJ denervation and α-MN loss, all phenotypes highly reminiscent of changes observed in ALS patients and in many ALS mouse models. However, they do not present a number of important symptoms such as weight loss, respiratory distress, and complete paralysis or endpoint death preventing us from considering En1 hypomorphism as an ALS model. Also, in this model, one can hypothesize that midbrain dopaminergic neuron loss participates in the motor behavior phenotype. A study where Wnt1 En1 transgene was developed to specifically rescue the En1 mutant phenotype at the midbrain-hindbrain level, V1 neuron connectivity defects in the spinal cords was not rescued and mice maintained a clear deficit in their ability to walk and perform normally in the rotarod test [START_REF] Gosgnach | V1 spinal neurons regulate the speed of vertebrate locomotor outputs[END_REF]. This shows that EN1 activity in the motor control of the spinal cord is, at least partially, independent from midbrain locomotor control.

In conclusion, the En1 heterozygous mouse presents phenotypes highly reminiscent of changes described in ALS patients and in many ALS mouse models but cannot be considered as an ALS 

III. Relevance of EN1 for therapeutic applications in ALS

There is no ALS phenotype that has been associated with mutations affecting EN1 expression although this may be so in some sporadic cases. To better understand the involvement of EN1 expression in the ALS pathology and verify if a link can be made for some sporadic or genetic forms, we took advantage of the Project MinE data browser. This open-access resource has been developed by Project MinE which is an international collaboration of investigators aiming to unravel the genetic basis of ALS. The Project MinE ALS sequencing Consortium has set out to collect whole-genome sequencing (WGS) of 15,000 ALS patients and 7,500 controls at 30X coverage. The current dataset contains WGS data from 4,366 ALS cases and 1,832 controls.

All of these 6,198 profiles have passed quality control.

From this data base, we were able to identify possible En1 missense mutations which may be in interaction with the disease. Most of the mutations have a potential moderate effect. Even if one could expect loss-of-function mutations, in animals, homozygous mutants for En1 die at birth and show developmental defects with the absence of the cerebellum and lower colliculus [START_REF] Wurst | Multiple developmental defects in Engrailed-1 mutant mice: an early mid-hindbrain deletion and patterning defects in forelimbs and sternum[END_REF]. This is why even moderately hypomorphic genotypes due to missense mutations or SNPs in regulatory domains are of interest. For the moment, regulatory sequences are not included in the study. An ALS GWAS which also includes all SNPs in these regions will be extremely interesting and might help interpret if regulatory variants of EN1 are in some way involved in ALS, since, in Parkinson Disease, some SNPs of EN1 expressed in the SNpc and VTA are found in such regulatory regions [START_REF] Fuchs | The transcription factor PITX3 is associated with sporadic Parkinson's disease[END_REF] Indeed, based on these observations and in a therapeutic perspective, we wondered if hEN1 could have a role in human MNDs.

As a first step toward a possible clinical use of hEN1, we used human induced pluripotent stem cells (iPSCs) to first determined whether human MNs (hMNs) could respond to hEN1. Motor neurons generated from iPSCs express a combination of HB9, ISL1, and column-specific markers that mirror those observed in vivo in the human spinal cord [START_REF] Maury | Combinatorial analysis of developmental cues efficiently converts human pluripotent stem cells into multiple neuronal subtypes[END_REF][START_REF] Mazzoni | Synergistic binding of transcription factors to cell-specific enhancers programs motor neuron identity[END_REF][START_REF] Nedelec | Genetically-modified human pluripotent stem cells: new hopes for the understanding and the treatment of neurological diseases?[END_REF][START_REF] Panman | Transcription factor-induced lineage selection of stem-cell-derived neural progenitor cells[END_REF]. Human progenitor cells were differentiated towards spinal MNs and cultured with or without neurotrophic factors required for their survival [START_REF] Maury | Combinatorial analysis of developmental cues efficiently converts human pluripotent stem cells into multiple neuronal subtypes[END_REF][START_REF] Mazzoni | Synergistic binding of transcription factors to cell-specific enhancers programs motor neuron identity[END_REF][START_REF] Patterson | Defining the nature of human pluripotent stem cell progeny[END_REF].

A time course analysis to study the survival effect of hEN1 for 15 days in vitro (DIV) was carried. The quantification of TUJ1 labeled neurons revealed that almost all neurons also express ISL1, thus qualifying for MN identity (Fig. 20A-C). After 5 DIV, we removed some of the trophic factors (control condition) and replaced them in some wells by hEN1 (+hEN1 condition). We observed that in absence of the trophic factors, MNs start to die at 10 DIV and that this loss is significantly reduced at 15 DIV when 2.5nM of hEN1 is added. In presence of hEN1, all differentiated MNs survived through 15 DIV (Fig. 20C). Furthermore, we observed and induction of long and complex processes in the surviving MNs at 10 and 15 DIV, not seen in the absence of the HP (Fig. 20D). Finally, we observed a dose-dependent effect on the generation of such complex processes. Low concentrations of EN1 are able to induce this effect in a small number of MNs, while at 2.5nM hEN1, nearly all derived MNs show complex processes (Fig. 20E).

In these preliminary results which need to be repeated and completed, we showed that human MNs derived from human iPSCs respond to hEN1. Thus, EN1 can act directly on human MNs derived from iPSCs while promoting their survival and increasing the generation of complex neurite processes.

These results may be of interest in the context of iPSCs from patients with somatic mutations, allowing for in vitro studies of some disease parameters in presence or absence of EN1 in the line of some studies where iPSCs from ALS patients show disease-relevant phenotypes, including MN pathology and degeneration, and have been used for testing potential therapeutic agents [START_REF] Allodi | Directed midbrain and spinal cord neurogenesis from pluripotent stem cells to model development and disease in a dish[END_REF][START_REF] Lee | Advances in Patient-Specific Induced Pluripotent Stem Cells Shed Light on Drug Discovery for Amyotrophic Lateral Sclerosis[END_REF][START_REF] Nedelec | Genetically-modified human pluripotent stem cells: new hopes for the understanding and the treatment of neurological diseases?[END_REF][START_REF] Sandoe | Opportunities and challenges of pluripotent stem cell neurodegenerative disease models[END_REF]. However, an important limitation in the use of iPSCs-derived MNs to test drugs is that they are at an embryonic stage [START_REF] Patterson | Defining the nature of human pluripotent stem cell progeny[END_REF]. While their mature molecular signature develop with prolonged time in culture [START_REF] Hjelm | In vitro-differentiated neural cell cultures progress towards donor-identical brain tissue[END_REF], it is still difficult to produce mature cells. This is indeed a strong handicap for a disease where age is an important risk parameter, even in its genetic forms. Therapeutic molecules, for example antisense constructs that target patients with specific mutations, such as those affecting SOD1, TDP-43, FUS or C9ORF72, will be limited, if developed, to the latter specific populations. Given the large neuroprotective mechanisms in which EN1 seems involved, we can speculate that it will be able to promote the survival of MNs independently of the genetic or environmental origin of the disease, making it a broadspectrum molecule. The previous work done on Parkinson's disease showing protection of mDA neurons in several rodent and non-human primate models [START_REF] Alvarez-Fischer | Engrailed protects mouse midbrain dopaminergic neurons against mitochondrial complex I insults[END_REF][START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF][START_REF] Sonnier | Progressive loss of dopaminergic neurons in the ventral midbrain of adult mice heterozygote for Engrailed1[END_REF][START_REF] Thomasson | Engrailed-1 induces long-lasting behavior benefit in an experimental Parkinson primate model[END_REF] encourages us to extend our study to ALS. It is necessary to investigate whether a single injection of EN1 could delay symptoms onset in ALS mouse models. Or to show if crossing an ALS-gene mutated mouse with the En1 heterozygous mice will worsen the phenotype, demonstrating the existence of genetic interactions between En1 and the most commonly mutated genes in fALS. The protective role of EN1 must also be assessed on several patient-derived MNs. If EN1 enhances the survival of these cells, the analysis of the chromatin state, protein aggregates, axonal transport etc. could be a real help for a better understanding of MN physiology and of the mechanisms by which EN1 exerts its neuroprotective activity.

Homeoproteins (HPs) transcription factors are encoded by homeogenes, a class of genes with important morphogenetic activities. In addition to their cell autonomous functions, HPs are also endowed with direct non-cell autonomous activities, in and outside the nervous system. Homeoproteins binds to DNA through their homeodomain, a structure highly conserved through evolution. Studies achieved in the laboratory have demonstrated the neuroprotective role of the two HPs OTX2 and ENGRAILED (EN) in glaucoma and Parkinson's disease, respectively. To verify whether this neuroprotective effect may be a common feature of HPs, we studied the in vitro protective activity of HPs belonging to the Antennapedia, Bicoid and Lim classes. We observed that five HPs belonging to these three classes protect midbrain and striatal neurons in culture against oxidative stress-induced DNA damage and death.

In the case of EN, protection requires its internalization and high affinity DNA binding properties. This study suggests an evolutionary conservation of HP protective activity.

The developmental patterns, cell specialization and establishment of connectivity allowing for spinal cord functions rely heavily on HP expression. In this structure, EN1 is expressed exclusively by the V1 interneurons and Renshaw Cells which form inhibitory synapses on the large α-motorneurons (α-MNs), thus regulating the alternating activity of flexors and extensors and contributing to the excitatory/inhibitory balance important for α-MN survival. Based on its established direct non-cellular activities, we hypothesized that EN1 produced in the interneurons and secreted in their environment may play an important role in α-MN physiology and, in consequence, on neuromuscular activity. In a first approach, we used heterozygous mice for EN1 (En1-het) or mice in which extracellular EN1 was neutralized through the viral expression of a single chain antibody against EN1 (scFv-EN).

Heterozygous mice with reduced expression of endogenous EN1 develop progressive motor deficits and exhibit partial denervation of neuromuscular endplates followed by progressive α-MN degeneration.

This shows that EN1 has an important role in α-MN physiology and suggests that, as in animal models of Parkinson's disease, it may be of therapeutic use in α-MN pathologies. In En1-Het mice, motor deficits appear between 2.5 and 3 months after birth, with a decrease in neuromuscular junction (NMJ)

innervation first observed at 3 months and the loss of α-MN first observed 1.5 months later. This chronology suggests a retrograde degeneration process, whereby muscle strength and NMJ innervation are affected before the loss of α-MNs. EN1 injected at 3 months of age at the L5 lumbar level stops cervical and lumbar retrograde degeneration and lumbar α-MN death, while restoring full muscle strength. This physiological rescue of symptomatic mice by one single intrathecal injection lasts for 3 months and can be prolonged for another 2 to 3 months by a second injection, suggesting an epigenetic EN1 activity as shown in the Parkinson's disease studies. Finally, a bioinformatic analysis of the transcriptome of MNs and of En1-expressing dopaminergic neurons suggests that En1 interacts with some genes which are associated with the four main genes mutated in ALS familial forms, giving credit to the project to investigate the therapeutic use of use EN1 in MN pathologies.
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 7 Figure 7. Antennapedia mutation in Drosophila Left: Wild type fly. Right: mutated fly in which the antennae are replaced by legs (Photo by FR Turner, Indiana Univ.)

  , INs are divided into eleven classes based on their transcription factor profile. Dorsal INs (dl1-dl6) are associated predominantly with sensory processing and ventral (V0-V3), with motor functions. Each class of ventral INs can be subdivided into several subsets according to further combinatorial expression of transcription factors. Some HPs, in combination with other transcription factors, also play a role in this development and organization, as summarized in Figure 12.

Figure 16 .

 16 Figure 16. Single-chain monoclonal antibodies ScFv are prepared from total RNA from hybridomas. The coding sequences of the light and heavy chains are cloned and linked downstream of an IgK signal peptide for secretion and upstream of a 6xMyc tag for detection and a 6xHis tag for purification. The scFv is thus secreted from one cell and neutralizes its antigen (secreted HP) in the extracellular space.
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  Les souris présentant une expression réduite d'EN1 endogène développent des déficits moteurs progressifs, une dénervation des jonctions neuromusculaires et une dégénérescence progressive des α-MN, démontrant qu'EN1 a un rôle important dans la physiologie de ces neurones et suggérant qu'elle pourrait avoir une valeur thérapeutique pour les maladies des MN, en particulier pour la SLA. Chez les souris En1-Het, les déficits moteurs apparaissant entre 2,5 et 3 mois parallèlement à une diminution de l'innervation de la jonction neuromusculaire observée pour la première fois à 3 mois et précèdant la perte de α-MN observée pour la première fois à 4,5 mois. Cela suggère une dégénérescence rétrograde, la force musculaire et l'innervation de la jonction neuromusculaire étant affectées avant la perte des α-MN. La neutralisation de l'EN1 extracellulaire avec un scFv anti-EN1/2 réduit l'innervation à la jonction neuromusculaire et la force musculaire sans perte d'αMN à tout le moins 4 mois après l'injection virale. Même si des durées d'infection plus longues pourraient montrer une perte des α-MN (étude en cours), nous ne pouvons pas exclure que l'EN1 extracellulaire agisse en conjonction avec d'autres facteurs, par exemple secrétés par les IN et sous contrôle de l'activité autonome cellulaire d'EN1, donc affectés dans la souris En1-Het.La souris En1-Het présente des phénotypes qui rappellent des changements observés chez les patients atteints de SLA et dans de nombreux modèles de souris SLA. Toutefois, bien qu'on ne puisse l'exclure pour certaines formes sporadiques, aucun phénotype de SLA n'a été associé à des mutations affectant l'expression d'EN1, ce qui ne permet pas, en l'état actuel de nos études, de considérer la souris En1-Het comme un modèle de SLA. Pourtant, les travaux présentés cidessous suggèrent qu'EN1 pourrait interagir génétiquement avec les voies menant à la SLA, et qu'EN1 pourrait être envisagée comme une protéine thérapeutique à activité prolongée.INTRODUCTIONDiscovered on the basis of their developmental functions, homeoprotein (HP) transcription factors remain expressed in the adult where they participate in physiological homeostasis(1). HP functions involve cell autonomous and non-cell autonomous activities, a consequence of their ability to transfer between cells (2). Examples of in vivo non-cell autonomous activities include the regulation of cerebral cortex plasticity by OTX2 (3) the control of Cajal-Retzius cell migration by PAX6 (4) and the axon guidance activities of ENGRAILED and VAX-1 (5, 6).
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 1 Figure 1. Extracellular EN1 neutralization decreases muscular strength and modifies synapse morphology A. In situ hybridization showing Engrailed-1 (En1), Choline acetyl transferase (ChAT) and Calbindin-1 (Calb1) gene expressionin the lumbar spinal cord. En1 is expressed in V1 interneurons, dorsal (V1 P ) and ventral (V1 R ) to the main motoneuron pool (MN). Ventral interneurons correspond to Renshaw cells. Scale bar: 500 μm. RT-qPCR of RNA from the lumbar enlargement of 4.5-and 16-month-old shows stable En1 expression in WT at both ages and reduced expression in heterozygous mice. En1 probe specificity was verified on En1-expressing midbrain structures (supplemental Fig.2a) and EN1-het mice show less EN1 expression in spinal interneurons(Fig 2b). B. AAV8-encoded construct containing glial fibrillary acidic protein (GFAP) promoter, Immunoglobulin K (IgK) signal peptide for secretion, anti-ENGRAILED single-chain antibody (AntiEN1-scFv), 6 myc tags (6xMyc), skipping P2A peptide and enhanced Green Fluorescent Protein (eGFP). C. scFv expression has no effect on weight gain before week 15 (top left). Forelimb grip strength is reduced after week 1 (top right) and time on the grid (bottom left) and extensor reflex (bottom right) at week 6. Statistics in the top and bottom graphs compare scFv-exressing mice to WT and mCherry-expressing mice, respectively. D. Extracellular EN1 neutralization (16 weeks post-infection) decreases the percentage of fully occupied endplates (left) but does not affect the number of αMNs (right). Unpaired T-test with equal SD (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001). n=6 for all groups.

Figure 2 .

 2 Figure 2. En1-Het mice develop muscle weaknessabnormal spinal reflex A. Body weights of En1-Het and WT littermates are identical. B. En1-Het mice show reduced normalized grip strength starting at 3 months of age. C. En1-Het mice hold less time to the inverted grid, starting at 2 months of age. D. En1-Het mice show an abnormal hind limb reflex score, starting at 2 months of age. Unpaired T-test with equal SD comparing WT with En1-Het at each time point (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001). n= 5 to 20.
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 3 Figure 3. NMJ morphology and spinal neuron alterations changes in En1-Het mice A. Lumbrical muscles of En1-Het and WT mice show similar number of AChR clusters. B. Endplate area is reduced in the En1-Het mice at 15.5 months of age. C. At 15.5 months, but not earlier, En1-Het mice have a reduction in the percentage of endplates with perforations. D. En1-Het mice show a decrease in the percentage of fully occupied endplates starting at 3 months of age. E-H. The number of Cresyl-violet-stained cells between 100 and 199 μm 2 (E) or 200 and 299 μm 2 (F) are similar in En1-Het and WT mice. The number of large lumbar (G) and cervical (H) αMNs neurons > 300 μm 2 decreases in En1-Het mice starting at 4.5 months with a nearly 50% loss at 15.5 months. Unpaired T-test with equal SD comparing WT with En1-Het at each time point (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001). n= 4 to 8.
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 4 Figure 4. Intrathecal hEN1 restores En1-Het mice phenotype A. Twenty-four hours after intrathecal injection of 1 μg of hEN1 at the L5 level, EN1 (red) and ChAT (green) are visualized in the lumbar (left) and cervical (right) enlargements. Arrows show internalized hEN1. Arrowheads show hEN1 in and/or around vessels. hEN1 injected at the lumbar level reaches ChAT-positive cells (arrows) in the cervical region (right). Scale bar: 100μm. B. Before hEN1 injection, 3-month-old En1-Het mice have reduced forepaw grip strength (top), reduced ability to hold onto the inverted grid (middle) and an abnormal hind limb extensor score (bottom). Injection of hEN1 at 3 months restores all scores to normal in 4.5-month-old En1-Het mice.C, D En1-Het mice injected at 3 months with vehicle and analyzed at 4.5 months show fewer fully innervated endplates (C) and fewer αMN (D); those injected with hEN1 have a percentage of fully occupied endplates similar to WT (C) with no αMN rescue in cervical spinal cord (D). E, F. En1-Het mice untreated or injected at 3 months with vehicle and analyzed at 4.5 months show a significant loss of fully occupied endplates and of αMNs, while those treated with hEN1 show normal endplate occupation (E) and a complete protection of lumbar αMNs (F). One-way ANOVA followed by a post hoc Dunnett's test for comparisons to WT (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001). n= 7 to 22.

Figure 5 .

 5 Figure 5. Intrathecal hEN1 has long-lasting rescuing activityA. Left: Reduced grip strength observed in En1-Het mice returns to control levels one week after hEN1 injection at 3 months. This improvement lasts for 3 months before grip strength weakens. Grip strength remains higher in injected than in non-injected mice (open square) even at 9 months. Right: En1-Het mice treated at 9 months show no recovery. B. Left: Recovery in the inverted grid test starts at 3 weeks (no significant difference with WT siblings), lasts for 3 months and then declines. Strength remains higher in injected than in non-injected mice (open square) even at 9 months. Right: En1-Het mice treated at 9 months show no recovery. C. Left: Extensor reflex recovery starts at 2 weeks, lasts for 2 months and declines. The score remains higher in injected than in non-injected mice (open square) even at 9 months. Right: En1-Het mice treated at 9 months show no recovery. D Left: hEN1 injection at 3 months, but not at 9 months, partially restores endplate innervation pattern (fully occupied endplates) analyzed 6 months later while hEN1 injection at 9 months does not. Right: hEN1 injection at 3 months, but not at 9 months, partially maintains the number of lumbar αMNs analyzed at 9 months. Unpaired T-test with equal SD (*p<0.05; **p<0.005; ***p<0.0005; ****p<0.0001). n=4 to 9.

Figure 6 .

 6 Figure 6. The autophagy marker p62 is regulated by EN1 in αMNs A. Double-immunostaining for SQTSM1/p62 (red) and ChAT (green) shows SQTSM1/p62 expression in αMNs in 4.5-monthold En1-Het mice. Scale bar: 50 μm. B. Left. Quantification of SQTSM1/p62 intensity in large ChAT-positive αMNs demonstrates that SQTSM1/p62 expression is increased at 4.5 months in En1-Het mice injected at 3 months with hEN1Q50A and returns to normal in 4.5-month-old En1-Het mice injected with hEN1. One-way ANOVA (****p<0.0001) n=341 to 528 B. Right. The distribution of SQTSM1/p62 staining intensity in large αMNs shows that the shift of peak of intensity in En1-Het mice injected with hEN1Q50A is normalized in En1-Het mice injected with hEN1 Kolmogorov-Smirnov test (*p<0.05; ****p<0.0001)

  model. Yet, En1 might interact genetically with pathways leading to ALS, and, based on what has been shown in classical mouse and non-human primate models of Parkinson disease, EN1 could be envisaged as a long-lasting therapeutic protein.

  

  , les astrocytes et les LHUMES. En revanche, aucune des cellules non neurales testées, n'a été protégée, quelle que soit l'HP utilisée non plus que par MYC (rendu perméable aux cellules).• Il est intéressant de noter qu'une HP a la capacité de protéger les neurones qui ne l'exprime pas normalement. Cela suggère que la protection du stress oxydatif par les HP a peu de spécificité pour le sous-type neural.Dans la moelle épinière, EN1 est exprimée par les IN inhibiteurs V1 qui forment des synapses inhibitrices sur les larges α-MN régulant ainsi l'activité alternée des fléchisseurs et des extenseurs et contribuant à l'équilibre excitateur/inhibiteur important pour la survie de ces MN.Les HP pouvant agir de façon cellulaire et non cellulaire autonome et ayant des effets directs ou indirects sur la survie des neurones, nous avons émis l'hypothèse qu'EN1 pouvait jouer un rôle important pour la physiologie et la survie des MN.

	Article 2: Homeoprotein ENGRAILED-1 promotes
	motoneuron survival and motor functions.
	Objectif de l'étude :
	Les HP se lient à l'ADN et régulent l'expression des gènes grâce à l'homéodomaine. Plusieurs
	études dans le laboratoire ont démontré le rôle neuroprotecteur des HP dans le cadre de maladies • L'un des mécanismes par lesquels les HP agissent comme des facteurs neuroprotecteurs est
	neurodégénératives. C'est le cas d'OTX2 dans le cadre du glaucome et d'EN dans la maladie la réduction des dommages à l'ADN. Dans les cellules du mésencéphale et du striatum, une
	de Parkinson. Dans ce contexte, nous avons étudié l'activité protectrice in vitro de différentes concentration de 100µM d'H 2 O 2 augmente le nombre de foci γH2AX d'environ quatre fois
	HP appartenant à différentes classes suite à un stress oxydatif afin d'évaluer si l'effet en 1 heure. Leur prétraitement avec quatre HP a réduit le nombre de foci de manière dose
	neuroprotecteur peut-être une caractéristique commune des HP. dépendante.
	Résultats :
	• Deux heures après le stress oxydatif induit avec 50mM d'H 2 O 2 , plus de 90% des neurones
	embryonnaires sont morts mais le prétraitement des cellules avec des concentrations allant
	de 1,25pM à 12,5nM d'hEN1 augmente significativement leur survie d'environ 28 à 86%
	de manière dose dépendante. La protection par ENGRAILED contre le stress oxydatif
	nécessite à la fois son internalisation et une liaison de haute affinité à l'ADN.
	• Quatre HP différentes classes à 12,5nM : mOTX2, hLHX9, hGBX2 et chEN2 ont fourni

Méthodes :

Un test in vitro a été mis en place pour déterminer la capacité de plusieurs HP à protéger différents types cellulaires. Pour cela, nous avons mis en culture des neurones embryonnaires issus du mésencéphale et du striatum, des astrocytes, des fibroblastes et des macrophages ainsi que des cellules LHUMES et HeLa. Les cellules ont été pré-incubées avec plusieurs concentrations de différentes HP pendant 24 heures avant de les exposer à un stress oxydatif avec de l'H 2 O 2 ou 6-OHDA. L'effet protecteur d'EN1, EN2, OTX2, GBX2 et LHX9 a été évalué en suivant la survie cellulaire à l'aide du test de libération de la lactate déshydrogénase (LDH). Les dommages à l'ADN causés par 100μM d'H 2 O 2 dans les neurones ont aussi été observés en comptant le nombre de foci γ-H2AX dans les neurones. une protection significative contre 50mM d'H 2 O 2 dans les neurones embryonnaires du mésencéphale. Toutes les HP, mais pas hMYC, protègent également les neurones embryonnaires du striatumConclusion et Discussion : Cette étude a démontré qu'EN1, EN2, OTX2, GBX2 et LHX9 appartenant à trois classes différentes d'HP, protègent les cellules neurales en culture contre le stress oxydatif. Ceci suggère une conservation évolutive de leur activité protectrice parallèle à la conservation de leur structure. Ces HP peuvent protéger les neurones embryonnaires cultivés de deux régions cérébrales ontogénétiquement différentes (mésencéphale et striatum) contre le stress oxydatif. La nécessité d'une liaison de haute affinité avec l'ADN suggère que l'activité de survie implique une régulation transcriptionnelle. La réduction des dommages à l'ADN a été identifié comme l'un des mécanismes de cette neuroprotection. Il est intéressant de noter qu'un autre gène à homéoboîte, HOXB7, améliore la réparation de l'ADN de jonction terminale non-homologue in vitro et in vivo, ce qui renforce l'hypothèse d'une participation de nombreuses HP à la réparation des cassures de l'ADN. Il a aussi été montré dans cette étude que le facteur de transcription de la famille de base de l'hélice boucle hélice MYC qui joue un rôle majeur dans la progression du cycle cellulaire, l'apoptose et la transformation cellulaire et qui a été rendu perméable aux cellules, n'a aucun effet neuroprotecteur contre le stress oxydatif. Ceci suggère que l'effet neuroprotecteur est propre aux HP. De plus, aucune des HP testées n'a protégé les cellules HeLa, les macrophages primaires ou les fibroblastes primaires contre le stress oxydatif.

Comme tous les tests sur les cellules non neuronales ont été effectués en présence de l'inhibiteur mitotique Ara-C et que les cellules LUHMES sont protégées par hEN1, il est peu probable que l'absence de protection des cellules non neuronales soit due uniquement à leur statut prolifératif mais plutôt à un état de la chromatine qui diffère de celui des cellules neurales.

Objectif de l'étude :

Méthodes :

Afin d'étudier l'implication d'EN1 dans la physiologie et survie des MN, des souris hétérozygotes pour En1 ou dans des souris dont l'activité non cellulaire autonome d'EN1 a été bloquée grâce à l'utilisation d'un virus exprimant un scFv-EN1ont été utilisées. Une série de 3 tests comportementaux a été mise en place afin de détecter de potentiels déficits moteur chez ces souris : inversion de la grille, force de préhension par les membres antérieurs et reflexe extenseur des membres postérieurs. Les moelles épinières et les jonctions neuromusculaires de ces souris, prélevées à différents âges, ont été soumises à une étude anatomique.
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ABSTRACT

Motoneuron degeneration leads to skeletal muscle denervation and impaired motor functions, yet the signals involved remain poorly understood. We find that extracellular ENGRAILED-1, a homeoprotein expressed in spinal cord V1 interneurons that synapse on αmotoneurons, has non-cell autonomous activity. Mice heterozygote for Engrailed-1 develop muscle weakness, abnormal spinal reflex and partial neuromuscular junction denervation. A single intrathecal injection of ENGRAILED-1 restores innervation, limb strength, extensor reflex and prevents lumbar α-motoneuron death for several months. The autophagy gene p62, which was found to network with Engrailed-1 and amyotrophic lateral sclerosis genes, is misregulated in Engrailed-1 heterozygote mice α-motoneurons and is rescued following ENGRAILED-1 injection. These results identify ENGRAILED-1 as an α-motoneuron trophic factor with long-lasting protective activity.

SUPPLEMENTAL INFORMATION

MATERIALS AND METHODS

Animal Management

All animal treatments followed the guidelines for the care and use of laboratory animals (US National Institutes of Health), the European Directive number 86/609 (EEC Council for Animal Protection in Experimental Research and Other Scientific Utilization) and French authorizations n° 00703.01 "Therapeutic homeoproteins in Parkinson Disease" and n° APAFIS #6034-2016071110167703 v2, "Spinal cord motoneuron neuroprotection" delivered by the Minister of higher education, research and innovation. Adult mice were housed two to five per cage with ad libitum access to food and water and under a 12h light/dark cycle. Transgenic mouse strain En1-Het was bred by the Rodent Breeding Services provided by the Animal Care Services at College de France. Females and males were included in all studies. The endpoint limit for euthanasia was a 15% or greater loss of bodyweight or signs of paralysis; in all experiments, no mouse reached these endpoints.

SUPPLEMENTAL FIGURES

Supplemental Figure 1. Identification of αMNs by ChAT staining A. Representative confocal images of lumbrical muscle NMJ stained for neurofilament, synaptic vesicle glycoprotein 2A (2H3/SV2, red) and α-BTX (green). Endplate area (α-BTX+) was manually delimited (white profiles) and categorized as fully innervated (neurofilament overlying more than 80% of the endplate, white arrows), partially innervated (overlying up to 80% of the endplate, yellow arrow) or denervated (no neurofilament overlying the endplate, blue arrows). 

Discussion

in positions 48 and 49 of the homeodomain) are mutated to YL, OTX2 loses its internalization and neuroprotective activities for RGCs in vitro and in vivo [START_REF] Joliot | Identification of a signal sequence necessary for the unconventional secretion of Engrailed homeoprotein[END_REF][START_REF] Torero Ibad | Otx2 promotes the survival of damaged adult retinal ganglion cells and protects against excitotoxic loss of visual acuity in vivo[END_REF]. In EN1, glutamate at position 50 of the homeodomain does not participate in internalization but is necessary for high affinity DNA binding and transcriptional activity [START_REF] Le Roux | Neurotrophic activity of the Antennapedia homeodomain depends on its specific DNA-binding properties[END_REF]. The requirement of high-affinity DNA binding suggests that neuroprotection involves transcriptional regulation, not precluding signal transduction through a cell surface receptor or the regulation of protein translation [START_REF] Brunet | The transcription factor Engrailed-2 guides retinal axons[END_REF] In contrast to what is observed in terminally differentiated nonproliferating embryonic neurons, astrocytes and LUHMES, neither HeLa cells, primary macrophages or primary fibroblasts were protected against H2O2 oxidative stress upon addition of any of the HPs tested. These cells are non-neural cells and, based on the effect of EN1 on chromatin remodeling [START_REF] Rekaik | Engrailed Homeoprotein Protects Mesencephalic Dopaminergic Neurons from Oxidative Stress[END_REF], we can hypothesize that they have a very different chromatin state impeding HPs to exert protection. Indeed, the development and maintenance of structural and functional features of cells depend on a specific repertoire of expressed genes defined by the epigenetic chromatin status characteristic of distinct cell lineages and primarily dictated by DNA methylation and histone posttranslational modifications [START_REF] Qu | A Brief Review on the Human Encyclopedia of DNA Elements (ENCODE) Project[END_REF][START_REF] Schultz | Human Body Epigenome Maps Reveal Noncanonical DNA Methylation Variation[END_REF]. Also, cofactors might be required for HP protection activity that may not be ubiquitously available in all cell types [START_REF] Piper | Structure of a HoxB1-Pbx1 Heterodimer Bound to DNA: Role of the Hexapeptide and a Fourth Homeodomain Helix in Complex Formation[END_REF].

The oxidative agents H2O2 and 6-OHDA significantly increased the number of gH2AX foci in embryonic neurons or human immortalized LUHMES dopaminergic neurons, respectively.

Pretreatment with EN1, OTX2, GBX2, or LHX9 prevented the formation of double strand breaks (DSBs) visualized by the number of gH2AX foci [START_REF] Rogakou | DNA doublestranded breaks induce histone H2AX phosphorylation on serine 139[END_REF]. Neurons are prone to DNA damage due to their post-mitotic state, longevity, and high metabolic rate. DNA damage can result in the activation of two pathways, either non-homologous end joining (NHEJ) DNA repair, with alterations in gene expression profile and protein synthesis, or programmed cell death [START_REF] Fillingham | GammaH2AX and its role in DNA doublestrand break repair[END_REF]. DNA DSBs are particularly detrimental and may contribute to neurodegeneration [START_REF] Madabhushi | DNA damage and its links to neurodegeneration[END_REF] or apoptosis [START_REF] Jackson | Sensing and repairing DNA double-strand breaks[END_REF], if unrepaired. Thus, rapid repair is critical for neuronal survival. Normal neuronal activity may produce DNA damage [START_REF] Hare | Two Weeks of Variable Stress Increases Gamma-H2AX Levels in the Mouse Bed Nucleus of the Stria Terminalis[END_REF]. However, this damage is subject to rapid repair as suggested by γH2AX staining rapid return to baseline levels [START_REF] Suberbielle | Physiologic brain activity causes DNA double-strand breaks in neurons, with exacerbation by amyloid-β[END_REF]. We can formulate several hypotheses concerning how HPs reduce the number of double-strand breaks.

The first is that they are, ENGRAILED included, directly involved in DNA repair. For example, Obviously, there is still a lot to be done and this thesis raises more questions than it gives answers. However, I hope that by identifying non-cell autonomous transcriptional targets of EN1 in MNs but also by studying its cell autonomous role in the V1 INs, we will be able to help unravelling the mystery of some MNDs, including ALS but not only ALS, and allow one to go further in the therapeutic application of this HP. I wish that the work presented in this thesis represents a modest first step in the understanding of MNDs and in the development of novel therapeutic strategies that will no doubt continue to stimulate us for a long t time to come.